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Abstract 
Geothermal energy is a promising renewable energy to be used for baseload electricity. Most 
potential sites with high geothermal temperature are mostly located in remote areas where water is 
limited. This is besides water scarcity and environmental protection, which made dry cooling 
systems a better alternative solution for heat rejection of power plants. Furthermore, natural draft 
cooling towers have the advantage of avoiding parasitic losses introduced by the fans at mechanical 
draft cooling towers. However, power plants utilizing dry cooling technologies experience a 
significant reduction in power generation during high ambient temperature periods. This reduction 
often goes along with the peak power demand which results in a great loss for the power plant 
owners. In certain instances, dry cooling tower performance can be enhanced during these periods 
by pre cooling of the inlet air by spraying atomized water into the inlet air. 
The present study introduces the use of spray cooling for inlet air pre-cooling in natural draft 
cooling towers. Spray cooling is investigated in this study due to its simplicity, low capital cost, 
ease of operation and maintenance, and capability of increasing power plant efficiency while 
consuming only a small amount of water compared to wet cooling towers or other evaporative 
cooling methods. Although spray cooling has found successful applications in process coolers and 
gas turbine inlet air cooling, the large scale applications in power industry have been limited. 
Several issues limit the application in power industry. The main one is the incomplete evaporation 
of water droplets which can cause corrosion and scaling of heat exchanger surface. Incomplete 
evaporation also increases operational cost due to water consumption. To the best of our 
knowledge, a detailed investigation of the spray cooling performance in natural draft dry cooling 
towers operating environment has not yet been performed. The aim of the current work is to 
optimise a spray cooling system for inlet air pre-cooling in natural draft dry cooling towers. 
In the present study, an Eulerian-Lagrangian 3-D numerical model was developed which is capable 
of simulating evaporating water sprays produced by real nozzles. In order to reproduce real nozzle 
characteristics in the simulation, a new adaptable method for hollow-cone spray representation in 
Eulerian-Lagrangian numerical models was developed. This allows real nozzles characterised 
during experiments to be included in the simulation, thereby correctly accounting for radial 
evolution of droplet size distribution and air/droplets momentum exchange. The CFD model was 
applied to calculate local droplet transport and evaporation, and spray cooling efficiency at different 
operating conditions for spray cooling systems optimisation under typical Natural Draft Dry 
Cooling Tower conditions.  
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Experimental measurements from a wind tunnel test rig simulating Natural Draft Dry Cooling 
Tower inlet flow conditions have been performed in order to investigate droplet transport and 
evaporation, and spray cooling efficiency experimentally and for the CFD model validation. Based 
on a literature review, nine promising high pressure, hollow cone nozzles for inlet air pre-cooling 
were selected. Spray characterisation of the different nozzles was conducted in UQ’s wind tunnel at 
different atomization pressures and environmental conditions. The nozzle characterisation was 
performed utilizing a 2D-Phase Doppler Particle Analyser and a high speed photography system. In 
addition, measurements of streamwise development of droplet size and velocity, and airflow 
temperature and humidity were performed for different droplet sizes, velocities, injection rates, 
spray cone angles and spray patterns under different air velocities and ambient conditions selected 
to represent typical Natural Draft Dry Cooling Tower operating conditions. The wind tunnel 
measurements have been used for the validation of the CFD simulation model using the new more 
realistic hollow-cone nozzle representation approach. The simulated droplet evaporation, transport, 
and spray cooling efficiency were validated by comparing the predictions of the main features of 
the airflow and the spray (droplet axial velocity, Sauter mean droplet diameter, outlet air dry bulb 
temperature) with the experimental measurements downstream the nozzles at various inlet air 
conditions and spray characteristics. Overall, good agreement was obtained between CFD 
predictions and experimental measurements yielding an average deviation below 5.3% for all 
parameters compared. The experimental results indicated that spray dispersion is a major factor 
affecting nozzle and spray cooling systems performance. A modified spray cooling efficiency was 
introduced to separate the spray dispersion influence from the cooling efficiency. 
Finally, the validated CFD model has been used to identify the complex interaction between inlet 
air (velocity, temperature and relative humidity) and spray (droplet size, velocity, flow rate and 
cone angle). Two injection approaches were studied. In the first approach, droplets with a single 
size distribution were injected into the airflow at one single injection location in order to identify 
the effect of major spray characteristics parameters on droplet transport, evaporation and spray 
cooling efficiency. In the second approach, different droplet size distributions were injected at the 
breakup length using the newly developed nozzle representation. The second approach was carried 
out to investigate the effect of different droplet size distribution spray patterns (as observed during 
experiments) and major spray characteristics parameters on spray effectiveness. These simulations 
have provided new insight into the interactions between the spray, air flow, and cooling 
effectiveness. Air velocity, droplet velocity, and droplet size distribution play significant roles in 
droplet evaporation, transport, and spray cooling efficiency. In small size distribution, it is not 
always beneficial to decrease droplet size to enhance evaporation due to the compromise effect of 
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evaporation rate and spray dispersion. However, high droplet velocities are a very effective solution 
that allows small droplets to penetrate deeper and distribute better within the airflow to mitigate the 
low Stokes number of small droplet size. Moreover, the validated CFD model has provided insight 
into some experimental observations (i.e. local droplet velocity increase and higher air cooling in 
the lower region of the duct). 
The study demonstrates the feasibility of utilizing spray cooling systems in natural draft dry cooling 
towers. Complete evaporation of water droplets emitted into airflow under NDDCTs typical 
condition at a hot and dry ambient condition is an achievable event but compound and trade-offs 
have to be made as it depends on many factors including: inlet air (velocity, temperature and 
relative humidity), spray (droplet size, velocity, flow rate, cone angle and configuration). The 
developed CFD model using the new spray initiation technique provides a good predictive design 
tool for spray cooling systems optimisation to enhance NDDCTs during high ambient temperature 
periods. 
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Chapter 1 Introduction 
1.1 Motivation 
Efficient heat rejection is required in all forms of thermal power generation, but it is especially 
important in geothermal power plants due to the low thermal efficiency [1]. High heat rejection 
capacity is required in geothermal power plants due to the low thermal efficiency. The choice 
between wet and dry heat rejection systems involves a number of trade-offs including water usage, 
environmental impact and the cost of electric power. Australian Geothermal power plants are 
mostly located in arid areas where water is limited. Heat rejection systems rely significantly on the 
availability of water in which air-cooled condensers in general, and Natural Draft Cooling Towers 
(NDDCTs) in particular, are becoming the preferred choice for many power plants despite their 
higher capital costs and reduced performance at high ambient air temperatures [2]. In certain 
instances, dry cooling tower performance can be enhanced during high ambient air temperature 
periods by pre-cooling of the inlet air by spraying atomized water into the inlet air. Despite spray 
cooling system being in industrial use [3, 4], and a considerable amount of literature having been 
published about inlet air pre-cooling by spray in different practice, mainly gas turbine fogging and 
air conditioning [5, 6], cooling the air entering NDDCTs by water spray is sparse in the literature [7, 
8]. The motivation of this work is to understand spray cooling process and improve spray cooling 
systems for inlet air pre-cooling in NDDCTs to maximise cooling performance. To the best of our 
knowledge, to date, no study has attempted to analyse spray cooling systems in detail for inlet air 
pre-cooling in natural draft dry cooling towers. Several issues limit the application in power 
industry and need to be addressed including the incomplete evaporation of water droplets which can 
cause serious issues. The aim of the current work is to conduct a detailed analysis of inlet air pre-
cooling by water for the optimisation of spray cooling systems in natural draft dry cooling towers. 
An understanding of the of the impact of spray characteristics parameters on spray cooling 
performance at NDDCTs typical conditions is essential for designing effective spray cooling 
systems. 
1.2 Background  
There is a growing interest in using renewable energy resources for producing electricity due to 
many reasons including water scarcity and environmental protection. Geothermal energy is a 
promising renewable energy to be used for baseload electricity. It is extracted from the energy 
stored in the Earth’s inner [1]. However, geothermal power plants have relatively low thermal 
efficiency compared to other resources of energy (fossil-fuel, nuclear and coal) due to the low 
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energy source temperatures. The thermal efficiency of geothermal power plants ranges from 10 to 
17% [1]. This is very low compared with fossil fuel power plants (50-55%). 
Thermal power plants require the rejection of excessive heat as waste heat. The percentage of waste 
heat relies entirely on the power plant efficiency. In geothermal power plants, heat rejection system 
is a dominant part of the generation systems, as geothermal plants have lower thermal efficiency. 
The waste heat is much higher than the generation rate. Therefore, a large heat rejection capacity is 
required for this type of power plants.  
A cooling tower is generally used as a heat rejection system to dissipate excessive heat from power 
plants to the environment. Cooling tower types can be classified mainly into wet and dry cooling 
towers. Dry cooling towers work on the principle of sensible heat transfer which depends mainly on 
the dry-bulb temperature. On the other hand, wet cooling towers work on the principle of 
evaporative cooling (latent heat transfer) where the governing factor is the air wet-bulb temperature.  
Since dry-bulb temperature of air is always higher than the wet-bulb temperature, dry cooling 
systems have lower cooling effectiveness compared with wet cooling systems.  
Despite dry cooling system being less effective than the wet cooling system; due to water 
consumption restrictions, environmental regulations and flexibility of plant site location, dry 
cooling has become a promising alternative solution for heat rejection of power plants without 
harming the environment. Besides, in Australia, most potential sites with high geothermal 
temperature are mostly located in remote areas where water is limited [9]. Many efforts have been 
made in the past decades to improve the performance of dry cooling systems in order to make it 
more competitive with wet cooling towers as dry cooling systems have higher investment cost. 
These include the improvements made on the heat exchanger designs (material, tube geometry, 
etc.), medium fluids, flow configurations, etc. The cost differential between wet and dry cooling is 
decreasing due to ongoing advancements and rapid increase in water cost [10]. Furthermore, natural 
draft cooling towers have attracted more attention to replace mechanical draft cooling towers owing 
to the advantages of avoiding parasitic losses introduced by the fans and lower maintenance cost 
[2].  
One of the main reasons for the low acceptance of dry cooling systems is the substantial loss of heat 
rejection efficiency in hot summer days [11]. Power plants utilizing dry cooling technologies 
experience a significant reduction in power generation during high ambient temperature periods. 
The power plants using dry cooling system can undergo a 20% net power reduction in summer [12]. 
This is even worse for plants with low temperature resources (e.g. geothermal plants) where the 
power output reduction can be as high as 50% at high ambient temperatures [13, 14]. This issue is 
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compounded since this reduction goes along with the peak power demand which results in a great 
loss for power plant owners with flexible electricity pricing.  
The reason of the efficiency loss in dry cooling towers with the increase of ambient air temperature 
is the increase of condenser pressure and turbine back pressure. The pressure of the condenser 
increases exponentially with the increase in the ambient air temperature [15]. Ashwood [15] 
modeled an existing 20 MW air-cooled geothermal power plant from cold to hot inlet condition to 
illustrate the relationship between the power plant power output, turbine back pressure and ambient 
air temperature. The results are shown in Figure 1-1. The power plant output decreases, as turbine 
back pressure increases. Thus, as ambient air temperature increases, the turbine backpressure rises 
causing a significant reduction in power plant efficiency. The plant net power was reduced by about 
50% when the inlet air temperature increased from 1 to 39 ˚C.  
 
Figure 1-1 Relationship between power plant power output, turbine back pressure and ambient air temperature for a 20 MW 
air-cooled geothermal power plant [15] 
Many efforts have been made over the past decades to improve the performance of dry cooling 
systems. A number of studies have found that hybrid cooling technologies have the potential to 
alleviate this problem while avoiding issues related to wet cooling, particularly in terms of  water 
utilization [4, 16]. 
Several hybrid cooling approaches have been developed to offset the disadvantages related to the 
use of dry cooling during high temperature periods [15]. One of the hybrid cooling approaches to 
boost the performance during the hottest hours is the use of evaporative cooling. By introducing a 
small amount of water to the inlet air, the air can be cooled to the wet-bulb temperature and thereby 
enhancing the plant performance as shown in Fig 1-1. There are two methods that carry out this 
concept which can be classified as: deluge cooling  and evaporative pre-cooling (spray cooling and 
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wetted-media cooling) [17]. In deluge cooling, water is poured onto the heat exchanger tubes to 
form a water-film. The heat is absorbed from the working fluid to the water-film and is then 
rejected to the passing air by evaporation [18]. However, due to the direct contact of water with heat 
exchanger bundles, corrosion and fouling become crucial issues. This requires using treated water 
and regular cleaning or utilizing heat exchanger tubes with galvanic corrosion protection which 
prevents use of fins. Wetted-media cooling also is an efficient way to cool inlet air. In Wetted-
media cooling, the inlet area of the air is covered by a porous wetted media where water is 
distributed on [2]. The wetted media enhances evaporation by increasing the water-air contact 
surface area. However, significant pressure drop is created which reduce air mass-flow rate causing 
a decline in heat rejection rate [2, 19]. Over the past decades, spray cooling has become more 
popular due to its simplicity, low capital cost, and ease of operation and maintenance [20]. 
Furthermore, air stream motion is not affected by the presence of droplets as they are sparse. Thus, 
pressure drop due to spray is insignificant and can be neglected [21]. 
Inlet air spray cooling has many applications such as gas turbine fogging and air conditioning [5, 6]. 
It has been used extensively in gas turbine systems. More than 1000 gas turbine stations are 
equipped with inlet air spray cooling [22]. Applications of spray cooling were found in power plants 
employing dry cooling towers include a 750 MW coal fired station in Australia [3], a waste wood 
plant in USA with 25MW capacity, and a geothermal plant in USA [4].  
Inlet air pre-cooling by spray can provide 100% saturation efficiency depending on the design 
conditions [23]. In this method, the inlet air is cooled from the dry-bulb temperature to the wet-bulb 
temperature, by the evaporation of water and thereby increasing the water vapor fraction. 
Evaporative cooling efficiency depends mainly on the contact surface area between water and air 
and the residence time [24]. Thus, spray nozzles are used to distribute water into the inlet air and to 
provide a large water-air contact surface area by producing small droplets through atomization as 
can be seen in Figure 1-2.  
 
Figure 1-2 A schematic diagram of inlet air cooling by spray 
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For the purpose of illustration, the concept of pre-cooling of inlet air in NDDCTs is illustrated in 
Figure 1-3. In this system, the spray nozzles are arranged circumferentially around the tower 
perimeter and directed horizontally for uniform water distribution to the entire tower inlet section. 
The nozzles are connected by a removable thin manifold to yield minimal pressure drop into the 
inlet airflow. The spray manifold is removable and can be removed when not in use. The heat 
exchanger layout is horizontal where the heat exchanger is in a certain distance from the ground. 
The airflow is moved basically by air buoyancy (the pressure difference inside and outside the 
tower) [18]. The airflow passing through the water spray is cooled and flows to the heat exchanger 
where it absorb some heat from the working fluid. 
 
Figure 1-3 Cut view of a NDDCT with pre-cooling of inlet air using water spray 
Although spray cooling has found successful applications in process coolers and gas turbine 
fogging, the large scale applications in power industry have been limited. Several issues limit the 
application and the main one is the incomplete evaporation of water droplets before reaching the 
heat exchanger bundles. This can cause corrosion, scaling and fouling [25]. Special spray nozzles 
may be required to achieve full evaporation requirement (i.e. high pressure nozzles provide small 
water droplets but at a higher cost).   
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Since there exists a wide range of NDDCTs designs and sizes, heat exchanger layouts, and 
operating conditions (e.g. inlet air velocity and temperature, and spray residence time) are available, 
selection of spray configuration for different NDDCT configuration requires the use of numerical 
modeling and a good understanding of the spray cooling process. To this end, the present research 
will use experimental and numerical approaches to provide understanding to the spray cooling 
process and to evaluate the impact of spray characteristics parameters on spray cooling performance 
for spray cooling systems optimisation in different NDDCTs. 
1.3 Research Objectives 
This thesis deals with numerical and experimental investigations of inlet air pre-cooling with water 
spray aimed to enhance the performance of Natural Draft Dry Cooling Towers during high ambient 
temperature periods. Droplet evaporation, droplet transport and cooling effectiveness are examined 
in an air stream representing the inlet section of a Natural Draft Cooling Tower (NDDCT). This 
research area has not been explored in the past, in particular, concerning the incomplete evaporation 
of droplets that introduces many challenges to spray cooling system research. The aim of the 
current work is the optimisation of spray cooling systems for inlet air pre-cooling in natural draft 
dry cooling towers during high ambient temperature periods. The outcome will be improved 
fundamental understanding of the spray cooling process for effective spray cooling systems at 
NDDCTs typical conditions. Research issues are the avoidance of incomplete evaporation of 
droplets while preserving the efficiency of the system and using a limited amount of water.  
The principal objectives of this research are: 
1- Develop a better understanding of the physics and engineering of the spray cooling process. 
2- Develop a 3-D numerical model that can simulate nozzle spray evaporation and transport for 
inlet air pre-cooling. 
3- Validate the developed CFD model against experimental measurements. 
4- Develop experimentally validated realistic hollow-cone nozzle model that can be incorporated 
into Eulerian-Lagrangian numerical simulations using actual initial spray characteristics.  
5- Use numerical modeling and experimental studies to identify the complex interaction between 
inlet air characteristics (velocity, temperature and relative humidity) and spray characteristics 
(droplet size, velocity, and cone angle). 
6- Provide design criterion of spray nozzle in terms of spray cooling performance to assist spray 
cooling system engineers in designing and selecting effective nozzle design. 
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7- Establish experimental database for spray model validation. 
1.4 Thesis organisation 
This thesis contains 8 chapters. The thesis is organised based on the principal objectives of this 
research as follow: 
In the first part of this thesis (Chapter 1), an introduction to this research indicating the motivation 
and the research challenges of pre-cooling of inlet air by water spray in NDDCTs. 
In the second part of this thesis (Chapter 2), critical literature reviews of spray cooling systems from 
various applications in terms of theory, mathematical models, spray models, numerical models, 
experimental studies, and nozzle selection are outlined. The intent is to identify the gap related to 
spray cooling systems optimisation in NDDCTs. Special focus was given to the incomplete 
evaporation of droplets that introduces many challenges to design a spray cooling system. 
In the third part of the thesis (Chapters 3 and 4), the mathematical models for heat, mass and 
momentum transfer of water spray in air are presented. The mathematical models are used to 
develop the Eulerian-Lagrangian 3D numerical model that can simulate nozzle spray evaporation 
and transport for inlet air pre-cooling. The model is validated with available single droplet 
evaporation correlations. Single size distribution spray injections were simulated under different 
inlet air velocities to identify the effect of major spray characteristics parameters on droplet 
evaporation and spray cooling efficiency. 
The fourth part of this thesis (Chapter 5) is devoted to the experimental analysis of inlet air pre-
cooling by water spray under conditions typical of NDDCTs.  In this chapter, the experiment design 
is detailed along with explanation for all of the associated apparatuses and instruments. The spray 
behaviour is investigated experimentally for a range of inlet air conditions and a number of spray 
characteristics on a wind tunnel test rig simulating NDDCTs inlet flow conditions. Furthermore, 
this chapter provides reference data for the evaluation and validation of the developed Eulerian-
Lagrangian 3-D CFD model. The actual spray characteristics are measured at experiments operating 
conditions. Apparatus used for spray characterisation (Phase Doppler Particle Analyser (PDPA) and 
high speed photography system) are described. 
In the fifth part of this thesis (Chapter 6), a new adaptable method for the correct representation of 
experimentally characterised hollow-cone sprays into an Eulerian-Lagrangian numerical CFD 
model is developed. In this chapter, the developed CFD model is validated against the experimental 
measurements obtained from the wind tunnel using experimentally measured spray characteristics.  
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In the sixth part of this thesis (Chapter 7), the developed realistic hollow-cone nozzle representation 
method is used to conduct parametric investigation into the effect of different main spray 
characteristics parameters (droplet size, droplet velocity, cone angle and spray pattern) on spray 
cooling performance. The results are nozzle design criteria for the selection of effective spray 
nozzles to maximise cooling performance.  
Finally, in the last part (Chapter 8), conclusions of this research are presented and recommendations 
for future work are suggested. 
Four journal papers are incorporated into this thesis. The first and second papers are adopted into 
chapters 4 and 5. Chapters 6 and 7 are presented in the form of papers (Paper 3 as Chapter 6 and 
Paper 4 as Chapter 7). 
A summary of the thesis work plan is shown in Figure 1-4. 
 
Figure 1-4 Thesis work plan 
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1.5 Summary 
Although spray cooling method has found successful applications in process coolers and gas turbine 
fogging, the large scale applications of spray cooling in NDDCTs have been limited. Pre-cooling of 
inlet air by water spray in NDDCTs applications is sparse in the literature. Interest in the use of inlet 
air cooling in dry cooling has been growing in the recent years. However, the incomplete 
evaporation of water droplets before reaching the heat exchanger bundles and non-uniform cooling 
are becoming barriers to the employment of inlet air cooling in NDDCTs and other applications. To 
date, studies on the dependence between spray cooling performance and spray characteristics 
parameters are limited, in particular; in relation to complete evaporation and spray dispersion. For 
the optimisation of spray cooling systems for inlet air pre-cooling in natural draft dry cooling 
towers, an investigation under the dynamic process of the application must be carried out. Detailed 
knowledge on the impact of physical parameters of the two-phase flow in spray cooling systems is 
crucial for designing an effective spray cooling system in NDDCTs. 
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Chapter 2 Literature review 
For power plants equipped with dry cooling systems, enhancement of power plant efficiency during 
high ambient temperature periods by inlet air pre-cooling is an old technology. The technology 
application in power industry appeared in the literature in 1970’s [26]. This technology has been 
adopted from gas turbine systems in which inlet air is cooled before entering the compressor to 
increase the air mass flow by increasing the airflow density. Gas turbine fogging has been in use 
since 1940’s [27].   
The employment of spray cooling systems to enhance power plants efficiency has been first 
proposed by Wachtell [26]. Inlet air cooling by water spray is industrially in use and a considerable 
amount of literature has been published about inlet air pre-cooling by spray in different practices, 
mainly gas turbine fogging and air conditioning [5, 6]. More than 1000 gas turbine stations are 
equipped with inlet air spray cooling [22]. Applications found in power plants employing dry 
cooling towers include a coal fired station in Australia with 750 MW power output [3], a waste 
wood plant in USA with 25 MW capacity, and a geothermal plant in USA [4]. Although spray 
cooling has found successful applications in process coolers and gas turbine fogging, the large scale 
applications of spray cooling in NDDCTs have been limited. The study of pre-cooling of inlet air by 
water spray in NDDCTs applications is sparse in the literature [17]. Yet, interest in the use of inlet 
air cooling in dry cooling systems has been growing in the recent years [2, 28].  
To the best of our knowledge, no study attempted to analyse spray cooling system in detail for inlet 
air pre-cooling in natural draft dry cooling towers. Several issues limit the application in power 
industry including non-uniform cooling and the incomplete evaporation of water droplets before 
reaching the heat exchanger bundles which can introduce serious issues [25].  
2.1 Spray cooling effectiveness in dry cooling applications 
Effectiveness of using water spray for pre-cooling of inlet air in dry cooling towers has been 
investigated by many researchers [7, 8, 13, 14, 26]. It has been shown that better cooling capacity 
resulted and subsequently considerable power output increase by reducing the inlet air temperature 
by means of water spray. Rubin [8] investigated experimentally the effect of cooling inlet air in an 
air cooled heat exchanger. The experiment was conducted by introducing fine water droplets using 
pneumatic spray nozzles to the half of the air cooled heat exchanger that is used for condensing an 
organic fluid in an oil refinery plant. Tests were obtained in a temperature range of 21 C˚ to 32 C˚ 
and in a relative humidity range of 25% to 61%. The experiments showed an improvement in the 
heat transfer performance of the air cooled heat exchanger and the improvement varied based on the 
inlet air conditions. However, since high pumping power was required to provide compressed air 
11 
 
for  the pneumatic spray nozzles; Rubin [8] concluded that the use of spray cooling on this plant 
was impractical as the parasitical pneumatic power consumption to produce fine droplets sizes was 
between 38 to 51 kW while the fan power required to attain the same heat rejection rate by 
increasing the air flow rate was in the range of 4 to 6 kW only.  
Conradie et al. [29] analysed the effectiveness of using spray cooling for pre-cooling of the inlet air 
in a 236 MW dry cooling power plant. The injected water flow rate was introduced to increase the 
relative humidity to only 70%. The analysis showed that pre-cooling inlet air with entering 
temperature of 32 C˚ and increasing its relative humidity to 70% increased the power plant power 
output by 7 MW, about 3 % increase on the power output (see Figure 2-1). However, it was 
concluded that spray cooling is advantageous only at hot and dry air conditions and especially 
beneficial to those plants located in long hot weather regions.  
 
Figure 2-1 Performance characteristic of a power plant using dry cooling with and without evaporative cooling ((--) no pre-
cooling of inlet air and (- - ) inlet air preecooled to 70% relative humidity) [30] 
Maulbetsch et al. [7] examined the concept of pre-cooling of inlet air on plant output as a function 
of water consumption. A thermal analysis was conducted on a 550 MW combined-cycle power 
plant located in California, USA. The typical climate conditions of the plant location was subject to 
ambient temperatures of more than 27 C˚ and relative humidity less than 50% for about 500 hours 
per year. They showed that a spray cooling system, using only 5% of the water required by a wet 
cooling tower generated a 3.5 MWh additional power per year. They estimated that the extra 
revenue of implementing water spray would be between 100,000 to 500,000 US dollars per year, 
depending on the market price during peak hours. 
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For plants utilising low temperature resources (e.g. geothermal plants), the influence of inlet air pre-
cooling is more pronounced as the power output reduction can be as high as 50% at high ambient 
temperatures [13, 14]. Kanoglu et al. [13] analysed the effect of utilizing evaporative cooling on the 
net power output of a 34 MW geothermal plant located in a hot and dry climate (NV, USA). They 
found that by the use of evaporative cooling to decrease condenser temperature and using the 
average climate condition of the plant site, the net power output could be increased by 29% if the 
sprayed air is fully saturated and the air temperature decreased to the wet-bulb temperature.  
In addition, Kutscher et al. [14] conducted cost and performance studies on different evaporative 
cooling methods to evaluate their potential for geothermal power plants with dry cooling. The 
analysis was carried out on a 1 MW air-cooled geothermal power plant located in NV, USA. Four 
evaporative cooling methods were tested: spray cooling, Munters cooling (wetted media), 
combination of spray and wetted-media cooling methods (hybrid cooling), and deluge cooling. The 
performance analysis showed that during summer times, the power output dropped by 35%. By 
decreasing the inlet air temperature using evaporative cooling, the performance was enhanced and 
varied based on the evaporative cooling method as shown in Figure 2-2. Using spray cooling 
method, 25% enhancement of the plant performance was achieved. Kutscher et al. [14] indicated 
that the most cost effective evaporative cooling method was deluge cooling with only one year 
payback period. However, due to the direct contact of water with heat exchanger bundles, corrosion 
and fouling become crucial practical issues. Spray cooling method had a payback period of 5 years. 
 
Figure 2-2 Monthly electricity productions for evaporative cooling enhancement methods [14] 
The previous studies clearly indicates the potential of using spray cooling for pre-cooling of inlet air 
for the enhancement of dry cooled power plants during periods of high ambient air temperature. 
While this highlight the significant of spray cooling application in air cooled power plant, several 
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issues have not been considered in past studies. The omissions may have a large impact on the 
feasibility of using spray cooling for air cooled power plants output enhancement. Previous studies 
analysed the performance based on the fact that all injected water evaporated completely, perfectly 
mixed with the air and resulted in a uniform temperature distribution. It is not always possible for 
all droplets to evaporate completely and distribute uniformly into the air. Spray cooling is a 
complex process and based on different physical parameters. Incomplete evaporation of droplets 
can cause several serious issues. Unevaporated droplets may reach heat exchanger, hit structural 
supports, and fall on the ground. Impaction and accumulation of unevaporated droplets on the heat 
exchanger bundles can result in surface corrosion, scaling and fouling [26, 31]. Dissolved material 
deposits on the heat exchanger tubes can cause a substantial reduction in heat exchange rate and an 
increase in pressure drop [32]. Moreover, incomplete evaporation of droplets may lead to the fall of 
droplets on the ground which introduce maintenance issues and environmental risk [7]. It also 
increases water consumption without adding any benefit to the cooling effectiveness. There are 
some proposed methods to resolve incomplete evaporation problems, in particular; these related to 
wetting of heat exchanger tubes without the need to achieve complete evaporation such as: spray 
ionization [25], drift eliminator [7] with their advantages and limitations. These issues highlight the 
importance of having complete evaporation in spray cooling systems. 
2.2 Spray cooling studies in engineering 
The study of droplet behaviour during its movement through air has implications into several 
applications including gas turbine fogging, air conditioning, dust control, pesticide spray, irrigation 
industry, firefighting, disease transmitting, spray drying, painting and coating process [33]. Spray 
moving in air is a two-phase flow phenomenon and experience several simultaneous actions. Spray 
injection in each application has different dynamic process which affects the droplets behaviour 
substantially. Moreover, each application has different purpose. The aim for complete evaporation 
is included tacitly in some of them. On the other hand, complete evaporation in some applications is 
a matter that needs to be avoided, e.g. in pesticide spray [34]. Although past studies in different 
applications provides useful information in understanding the spray cooling performance, 
performing investigations specifically under NDDCTs dynamic process conditions is essential for 
the optimisation of spray cooling systems for inlet air pre-cooling in natural draft dry cooling 
towers. A small change on effective parameters would cause a difference in the spray cooling 
process. As spray injection in air is involved in different disciplines, a literature review has been 
presented only for studies directly related to spray cooling systems in dry cooling towers. More 
detailed literature review is provided in the following chapters at the related sections. 
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Dry cooling: 
Over the past decades, spray cooling mechanism has been the subject of many studies, 
experimentally and numerically. Complete evaporation of droplets was first considered in an 
experiment carried out by Wachtell [26]. Wachtell [26] performed experimental tests with a small 
cooling tower combined with an air cooled condenser (ACC) aimed to investigate the effect of 
spray cooling on heat exchanger performance by injecting water droplets into the inlet airflow. The 
water was injected vertically at an air velocity of 1.7 m/s under different meteorological conditions 
with droplet size ranged from 7 to 75 µm. The distance between the spray nozzles and the ACC was 
2.5 m. According to Wachtell, droplet size distribution and wet-bulb depression are major 
parameters that impacts droplet movement and evaporation efficiency during its interaction with air. 
The study showed that droplets of 20 µm diameter or smaller would evaporate completely while 
saturating the air at the existing distance. For larger droplets sizes, it was found that unevaporated 
droplets caused fouling on the ACC pipes. The power required for droplet atomization was a key 
factor to determine the net efficiency benefit. He stated that the power required to generate a spray 
of 20 µm droplet size using a pneumatic spray nozzles is about 5 kW/kg/s. Wachtell [26] did a 
survey on the available atomizers that provide small droplets with high enough water flow rate. 
According to his study, rotary pneumatic atomizers consume the least power.  
Rubin [8] studied the effectiveness of inlet air pre-cooling using water spray experimentally [8]. In 
the experiment, various droplet diameters ranging from 16 to 28 µm were injected upward from a 
distance of 2.7 m below the heat exchanger using various pneumatic spray nozzles. Tests were 
conducted in a temperature range of 21 C˚ to 32 C˚ and in a relative humidity range of 25% to 61%. 
The average air velocities were 1.3 m/s and 3 m/s for low and high fan speeds, respectively. He 
concluded that droplet size is a principal parameter that control droplet transport and cooling 
efficiency. The study showed that droplets of 16 to 28 µm in diameter did not evaporate completely 
and reached the heat exchanger pipes when the injected flow rate is that for saturation. In addition, 
Branfield [35] performed an experiment on inlet air cooling using a humidifier that produce droplets 
of 10 µm and smaller. He found that even droplets of 10 µm diameter reached the heat exchanger 
surface. This was argued due to dissimilarity on the operating conditions where a small change of 
one parameter would have a significant difference on the distance required for complete 
evaporation. 
Kachhwaha et al. [33, 36] conducted experimental and simulation investigations to study spray 
cooling performance of sprays into air for humidification. A two-dimensional numerical model was 
developed to investigate the heat and mass transfer process between air and hollow cone sprays. 
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The model predictions of air temperature and humidity across the duct were compared with wind 
tunnel measurements at different inlet air velocities in different injection directions (co-flow and 
counter-flow). Two hollow cone nozzles with different orifice diameters (3.2 and 4.8 mm) and three 
operating pressures (1, 2 and 3 bar) were used and tested under three air velocities (0.8, 1.6 and 2.5 
m/s). Droplet size and velocity distributions were obtained by the analytical MEP formalism 
method incorporating the measured data at the breakup length obtained by means of still 
photographs. The model boundary conditions were matched with the wind tunnel dimensions (0.6 x 
0.6 x 2 m). The air flow was assumed to be uniform and laminar. Droplets effect on air momentum 
was neglected. The model predictions agreed fairly well with the experiments. It has been found 
that the maximum cooling was achieved in the first region, in particular; for large droplet size 
distribution cases (290, 406 and 522 µm) due to that droplets impacted the duct walls and were 
terminated from the calculation. They concluded that smaller nozzle working at high pressure 
provided more cooling as droplet size distribution is smaller and water flow rate is higher. Their 
analysis showed that counter–flow injections produced more cooling than co-flow injections.  
Later, Sureshkumar et al. [37, 38] carried out more accurate experimental and simulation 
investigations to get more precise and improved predictions compared with Kachhwaha et al. 
studies [33, 36]. Improvements included the use of a high speed SLR film camera for droplet size 
and spray angle measurements. Furthermore, the spray characteristic was measured over moving air 
to quantify air movement effects on the droplet size distribution. The momentum exchange between 
air and droplets was considered. The two-dimensional model predictions agreed with experiments 
within ±15% and ±30% for co-flow and counter-flow, respectively. Using the developed model, 
they found that at a specific flow rate, the smaller the nozzle was, more evaporation and 
consequently more air cooling were observed. Kachhwaha et al. [33, 36] and Sureshkumar et al. 
[37] studies provide reference experimental data on spray characterisation and air cooling by water 
spray.  
Gas turbine fogging: 
The inlet air pre-cooling process by means of water spray was studied numerically and 
experimentally in relation to gas turbine fogging in different ways. Gas turbine fogging works on 
the same principle as spray cooling of dry cooling towers. Both attempt to reduce ambient 
temperature by means of water spray. However, there are some major differences on the two 
applications. For example, in gas turbine applications, droplet sizes of 5 to 15 µm might be 
permitted to enter the compressor, where droplets provide additional cooling (wet compression) 
[39]. Droplets in gas turbine fogging always produced from demineralised water in which the 
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hazard of corrosion and scaling is alleviated [40]. Inlet air velocity can reach 15 m/s in some 
segments before reaching the compressor  [41]. Nevertheless, as small droplet size is often used in 
gas turbine to achieve high evaporation efficiency, it has a strong relation to spray cooling process 
in dry cooling towers. 
Chaker et al. [6, 40] did comprehensive theoretical and experimental studies, covered the basic 
theory of droplet thermodynamics and kinetics and established some practical aspects of gas turbine 
fogging process. They developed a heat and mass transfer model of spray to study droplets 
behaviour in the inlet fogging process. A standard method for droplet size and velocity distributions 
measurement was also proposed. They studied the effect of droplet size on the spray cooling 
performance and the compressor efficiency. Droplet size distribution and residence time were 
considered to be critical factors for spray cooling efficiency. Two droplet size distributions with 
Dv90 of 18.5 µm and 46.2 µm were investigated at different ambient conditions and setting the 
residence time as 1 s. The ambient conditions investigated represent a hot and dry climate (45 C˚ 
and 5%) and a cold and humid climate (15 C˚ and 80%). The effect of water temperature on the 
cooling process was neglected during the simulation as it converged very quickly. They found that 
at the hot and dry climate condition, the spray with Dv90 = 18.5 µm evaporated completely at the 
available residence time, whereas 14% of the water did not evaporate when the test was repeated 
with a spray with Dv90 = 46.2 µm. On the other hand, at the cold and humid condition, the 
nonevaporated water percentage increased for the spray injected with Dv90 = 46.2 µm. For the spray 
with Dv90 = 18.5 µm, 25% of the injected water did not evaporate.  
A computational fluid dynamics model was conducted by Wang et al. [42] using Fluent to study 
droplets transport at different fundamental geometries of gas turbine inlet including: a horizontal 
duct,  a contraction, a diffuser and a bend with 90˚ angle. Moreover, a model representing a real gas 
turbine inlet was investigated. The effects of droplet size distribution and inlet air humidity on 
droplet transport and cooling efficiency were examined. The aim of this study was to optimise 
nozzle placement and evaporation efficiency. Uniform and non-uniform (laboratory) droplet size 
distribution injections were investigated. The system performance was investigated under different 
inlet air humidities: 0% (dry air), 30% and 60% at an air temperature of 32 C˚ and an air velocity of 
10 m/s. The average residence time was about 0.8 s for the horizontal tunnel. The investigation was 
conducted firstly with uniform droplet size distributions of 5, 10 and 50 µm.  For the horizontal 
duct, they found that the effect of droplet size is significant. They stated that using a 10 µm spray 
wouldn’t result in a complete evaporation within the available distance (8 m) when the inlet air 
humidity is 60%. 40% of the 10 µm spray reached the outlet section of the tunnel. Using a 
laboratory droplet size distribution spray with Dv90 = 40 µm, Dmin = 5 µm and Dmax = 50 µm, the 
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available distance was not enough for full evaporation. The study determined that droplet size and 
air relative humidity have a considerable effect on droplet dynamics and evaporation efficiency. 
They found that water recirculation might occur in complex geometries like the real application and 
need be addressed as they increase droplet collision and cause aerodynamic losses. 
Air conditioning and refrigeration: 
In addition to dry cooling towers and gas turbine power plants applications, low and average 
capacity refrigerating machines also use air cooled condensers where the increase of the ambient air 
temperature during summer times is an issue. A numerical investigation on evaporating sprayed 
airflow was conducted by Tissot et al. [43] in a 1.7 m long horizontal channel (cross section 0.38 x 
0.26 m2) simulating droplet behaviour and air cooling under conditions representing airflow toward 
heat exchangers in a refrigeration system. An Eulerian-Lagrangian 3-D numerical model 
(MIRABELLES code) developed by Collin [44] was used. The aim of their study was to improve 
the spray cooling performance with regard to droplet size and injection configuration. The 
investigation was conducted with uniform droplet size distribution with diameters of 25, 40 and 50 
µm at two injection configurations (co-flow and counter-flow). The effect of droplet size and nozzle 
injection direction on spray cooling performance was investigated at an inlet air velocity of 1 m/s 
and ambient condition of: Ta = 25 C˚ and RH= 30%. The amount of injected water was that 
required for full saturation of the airflow. The study has shown that in the case of co-flow 
configuration, smaller droplet is not always a favourable option and may result in a reverse effect 
on the spray cooling efficiency due to the compromise effect of momentum exchange and 
evaporation rate. The evaporation mass ratios were 6.4%, 9.7% and 12.5%; for sprays with droplet 
size of 25, 40 and 50 µm, respectively. They attributed this to the spray dispersion effect where 
sprays with small droplet size were limited to a small coverage area in which evaporation rate is 
lower. On the other hand, in the case of counter flow injections, droplet evaporation percentages 
were higher than those of co-flow. The evaporation mass ratios were 50.3%, 40.7% and 30.6% for 
sprays with droplet size of 25, 40 and 50 µm, respectively. Unlike the co-flow injection cases, 
decreasing droplet size led to better spray cooling performance. Within the tested distance, no 
complete evaporation was achieved and the maximum evaporation ratio was 50.3%.  
A recent parametric study conducted by Montazeri et al. [45] using three-dimensional CFD 
simulation to investigate the influence of different spray characteristics parameters on spray cooling 
performance under different inlet air conditions. The effect of droplet size distribution, droplet 
temperature, air temperature, air humidity and air velocity on spray cooling performance was 
investigated. The parametric study was conducted in a short horizontal duct (1.9 m) using hollow 
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cone sprays with large droplet size distributions (Dm=310-430 µm). The aim of this study was to 
examine the potential of using spray cooling in outdoor environment applications. The droplet 
velocity was constant for all cases (22 m/s) and the air velocity ranged from 3-15 m/s. They found 
that, within their tested range, droplet size distribution was an important parameter on the droplet 
evaporation process and a high cooling efficiency was achieved with low droplet size. The spray 
cooling efficiency was improved by 110% when the mean droplet size reduced from 430 µm to 310 
µm. Furthermore, ambient condition had a considerable effect on cooling efficiency and better 
performance was achieved with increased air temperature and decreased air humidity ratio. They 
found also that high water temperature affected the spray cooling performance. However, no 
attempt was made to account for complete evaporation. 
2.3 Knowledge gap for NDDCT inlet air pre-cooling 
The above-mentioned literature review showed significant differences reported on the required 
initial spray characteristics and inlet air conditions for full evaporation of droplets before reaching 
the heat exchanger bundles. The difference can be explained by that each study had different test 
designs and conditions affecting droplets behaviour substantially. For example, applications of 
spray cooling in gas turbine fogging generally have different operating conditions (large air 
velocity) and involve various air profiles dissimilar to natural draft cooling towers. To date, studies 
on the dependence between spray cooling performance and spray characteristics parameters are 
limited, in particular; in relation to complete evaporation and spray dispersion. Detailed knowledge 
on the impact of physical parameters of the two-phase flow in spray cooling systems is crucial for 
an effective spray cooling system. Further, development of a design tool or set of correlations to 
predict droplets behaviour and air cooling in NDDCTs typical condition is essential for the 
optimisation of spray cooling in NDDCTs. According to the literature, main parameters affecting 
spray behaviour and cooling performance are: (a) droplet size distribution, (b) water injection rate, 
(c) nozzle cone angle, (d) injection direction, (e) air velocity and (f) meteorological condition. 
There is no published literature available addressed the complex interaction between these 
parameters in typical NDDCT operating conditions. The aim of this study is to fill this gap in the 
literature. 
2.4 Theory of Spray Generation 
Spray cooling systems works on the principle of injecting water spray directly into the airflow to 
decrease its temperature by the conversion of sensible heat of the airflow into latent heat by 
evaporation. Evaporative cooling efficiency depends mainly on the contact surface area between 
water and air and the residence time [24]. Thus, spray nozzles are used to distribute water into the 
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inlet air and to provide a large water-air contact surface by producing small droplets. Water injected 
into the air is quickly disintegrated on exit from the nozzle into droplets that follow their own 
trajectories. 
Droplets generation can be achieved by different methods, and the most widely used method is 
atomization [46]. Other methods to generate droplets are: vapor condensation and deposition, and 
plasma spray [47]. Atomization is basically the process of transforming bulk liquid flows into 
droplets through an atomizer in a surrounding gaseous atmosphere in order to amplify the surface 
area of water exposed to the air to facilitate fast evaporation and spray dispersion with air [47]. 
2.4.1 Atomization 
In atomization, bulk liquid is first transformed into ligaments then subsequently shattered into fine 
droplets by the action forces as can be seen in Figure 2-3 [48]. This disintegration continues till a 
critical status reached in which having the smallest possible droplet size based on the Weber 
number. The Weber number is the ratio of inertial force to surface tension force. According to 
Lefebvre [46], the critical Weber number is approximately 13 for water droplets injected in air. The 
Weber number is defined as [46]:  
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Where ρa is the air density (kg/m3), Vr is the droplet relative velocity (m/s), Dd is the droplet 
diameter (m) and σ is the droplet surface tension (N/m).  
 
Figure 2-3 Pressure atomization [49] 
Basically, the breakup process can be attained in various ways including using the liquid kinetic 
energy, or by exposure to air or gas flow with high relative velocity, or by the use of external 
mechanical energy [46]. Atomizers are mostly classified according to the energy employed for 
atomization. Most practical atomization systems utilise pressure, pneumatic or rotary atomizers 
Ligaments Droplets 
Nozzle Bulk liquid 
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[47]. Other means of atomization includes ultrasonic and acoustic, electrostatic, effervescent, and 
whistle atomization [50].  
In pressure atomization, liquid pressure is transformed to kinetic energy across an orifice to 
accelerate the water flow to an adequate speed. Different pressure atomization designs are available 
including: plain-orifice, shaped orifice and swirl [46]. In pneumatic (two-fluid) atomization, two 
fluid flows are involved during this process. The bulk liquid (water) is disintegrated into a stream or 
sheet at a relatively low velocity, and then exposed to airflow with high velocity. The stream or 
sheet of water then first falls apart into ligaments and then into fine droplets. In rotary atomization, 
atomization is accomplished utilising centrifugal effect. The bulk liquid is pumped to the centre of a 
rotating surface where sheets or ligaments form along the edge of the surface then discharged at 
high velocity into the surrounding air. Here the ligaments break up into fine droplets. The rotating 
object comes into different surface shapes such as flat or vaned disk, windmill or cup [46]. In 
ultrasonic atomization, atomization of liquid into droplets is brought about by employing vibration 
effect. Ultrasonic atomizers use electromechanical devices to convert high ultrasonic into 
mechanical energy in the form of vibrations that cause the liquid disintegrate into droplets. In 
electrostatic atomization, the liquid is exposed to an intense electric field which makes the liquid 
surface unstable, and if the electrostatic forces exceed the surface tension forces, droplets are 
formed. A good review of atomization methods can be found on Lefebvre [46]. 
2.4.2 Spray Nozzles Selection 
The atomization method was developed for specific applications with a particular range of spray 
characteristics. Nozzle selection is one of the key elements of spray cooling systems. Main factors 
that need to be considered when selecting a spray nozzle are: droplet sizes distribution, flow rate, 
spray cone angle and simplicity of application. The selection of appropriate droplet size, liquid flow 
rate and spray angle are determined by the application and the ambient conditions. In this study, the 
nominated spray nozzles were those which could provide the required water flow rate to fully 
saturate the inlet air with the smallest droplets size distribution and widest spray cone angle while 
easy to be implemented.  
Among the various spray atomizers, the most commonly employed atomizers for air spray cooling 
applications are pressure or pneumatic atomizers [51]. The need for low extra complexity to the 
power plant integration makes pressure atomizers more promising. Using pneumatic atomization 
requires compressed air to atomize the water employing the air pressure energy. Hence, pressure 
atomizers delivering the required droplet size, liquid flow rate and spray angle were selected for this 
project (section 5.1.4). 
21 
 
Different spray patterns are obtained by pressure atomizers with three main patterns: solid-cone, 
hollow-cone and flat fan [46]. All of the nozzles studied were of hollow-cone type. This type is 
widely used in humidifying applications [46]. The hollow-cone spray pattern is described as having 
droplets after breakup concentrated in the outer cone edge forming an annular cross section. The 
spray pattern of hollow cone is illustrated in Figure 2-4. The apparent popularity of hollow-cone 
nozzles is due to several reasons: generally, they produce finer droplets compared with full cone 
nozzles and they provide a better contact surface between air and droplets since droplets are 
discharged at the edge of the cone [2]. However, atomizers performance depends on their design 
and size, and the physical properties of the liquid to be atomised and the surrounding air where 
droplets are discharged. Hence, selection of appropriate nozzles is accomplished by comparing their 
performance. In the present study, nine commercially available high pressure hollow-cone nozzles 
were selected to be tested as promising pressure spray nozzles for spray cooling systems in 
NDDCTs. These nozzles are: (10N, 16N and 22N from H. Ikeuchi & Co. Ltd.), (LNN0.6, LNN1.5, 
and M6 from Spraying system Co. Ltd.), (UM150 and UM200 from Bete Ltd.) and (A300 from 
Steinen Ltd.). 
 
Figure 2-4 Hollow-cone spray pattern 
Droplet size distribution is an important parameter of spray characteristics and affects the droplet 
transport and spray cooling efficiency considerably. In practice, droplet size distribution is not 
uniform and droplets ranging in sizes from a few microns to several hundred microns are present. It 
is generally well-known that smaller droplet size distribution provides more evaporation and 
consequently more cooling. Smaller droplets evaporate faster because they provide more surface 
area per unit volume than larger droplets and evaporation only occurs at the water/air interface. 
Evaporation rate per unit volume of droplets in gaseous media is related to the square of the droplet 
diameter and increases rapidly when droplet diameter is decreased [50]. However, the finer the 
droplet size is, the more energy is required generally. High pressure nozzles provide small water 
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droplets but at a higher cost. The size range of droplets selected to be tested is that likely to fulfil 
the condition of being evaporate completely before reaching the heat exchanger pipes. According to 
previous reports, droplets smaller than 50 µm have a larger probability of full evaporation in 
NDDCTs air inlet conditions. 
2.5 CFD modelling of spray cooling 
Spray is a two-phase flow phenomenon and experiences several actions when injected into air 
including heat, mass and momentum transfer. Experimental analysis for such complex flow 
involving droplet dynamics is costly, time consuming and a challenging method due to the 
complexity of such flow and the involvements of many dependant parameters that might not be 
possible to be varied independently. Furthermore, the physical interactions between the two phases 
often occur at a very small time interval that is beyond the capability of the common available 
experimental apparatus [40]. The use of numerical simulation for two-phase flows has a number of 
advantages over experimental approaches. CFD offers the advantage that full-field local data can be 
obtained which can help understand the process, e.g. local increase in droplet flow velocity 
downstream the nozzle (section 6.3.4). In addition to other advantages that have been discussed in 
chapter 4. Over the past few decades, CFD technology has undergone a significant development and 
has become increasingly popular in recent years as a research tool in such two-phase flows. Current 
trend in spray systems research is focused on CFD simulations. CFD computation effectiveness for 
two-phase flows has been validated previously in a number of experimental tests yielding a good 
accuracy. 
Spray cooling systems performance have been a subject of research for many years and several 
investigations have been carried out by means of Computational Fluid Dynamics technique [3, 20, 
25, 29-32, 41]. CFD is a good tool for spray cooling systems optimisation. However, CFD 
simulation of water spray flow can be challenging due to strong coupling between the two phases, 
droplet evaporation and collision. Moreover, it is a challenging task with respect to spray 
initialization into CFD simulation [42]. Detailed review is presented in chapter 4 with regard to 
CFD implementation. Spray initialization into CFD simulation has been achieved by different 
approaches in the literature as discussed in chapter 6 (section 6.2.2). 
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Chapter 3 Droplets evaporation and transport models in spray cooling systems 
In this chapter, a full mathematical description of the two-phase flow in spray cooling process is 
presented with the basic theory of droplet evaporation and transport, associated empirical formulas 
and assumptions. In order to understand the spray cooling process, an understanding of the theory 
behind it is essential. When solving a spray cooling process, there are three parts that need to be 
considered: the air phase characteristics, the droplets phase characteristics, and their interactions. 
Spray cooling systems works on the principle of injecting water spray directly into the airflow to 
decrease its temperature up to the wet-bulb temperature by the conversion of sensible heat of the 
airflow into latent heat of water evaporation. A number of studies have described the 
thermodynamic theory of droplets flowing in air and developed theoretical and empirical formulas 
for predicting the mass, energy and momentum transfers between the spray droplets and air for 
many engineering applications [40, 46, 52-58]. Some of the theoretical models on heat, mass and 
momentum transfer that can be discretised for numerical calculation are described. These 
theoretical models of the spray mechanism into air from literature will be used as guidance when 
developing the spray cooling process model in our CFD model along with suitable selection of 
empirical correlations for calculating heat and mass transfer coefficients, and drag coefficient. This 
chapter serves to fulfil the research objectives 1 and 2 of this study.  
The spray cooling process is a two-phase flow phenomenon. It is characterised by several 
simultaneous heat, mass and momentum effects that are closely coupled. Mass transfer results in 
vapor concentration change and droplet diameter reduction, which in turns affect the aerodynamic 
drag coefficient. Heat transfer causes a change in the droplet temperature, which in turn affects 
evaporation rate. Momentum transfer controls the droplet trajectory and motion and the resulting 
relative velocity between the two phases controls the heat and mass transfer [58, 59]. As the heat, 
mass and momentum interaction between the two phases happens simultaneously and different 
principal parameters such as droplet size, heat transfer coefficient, mass transfer coefficient, relative 
velocity and drag coefficient; change frequently, a mathematical approach is required to analyse the 
spray cooling process with a number of assumptions to be made [40]. 
In spray cooling, water spray is atomized into fine droplets through spray nozzles to amplify the 
surface area of water exposed to the air to facilitate fast evaporation and spray dispersion with air. 
In order to investigate droplets thermodynamics, it is useful to study the mass, energy and 
momentum conservations at a single droplet level first then extend it to take account of the other 
effects of the whole spray on the airflow which can be achieved by means of numerical simulation. 
The droplet heat, mass and momentum transfer mechanisms are presented in the following sections. 
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3.1 Droplet heat and mass transfer model 
Air cooling by water spray involves the conversion of the sensible heat of air into the latent heat of 
droplets. Whenever a droplet is in contact with unsaturated air, simultaneous heat and mass transfer 
occurs at its surface. There is convective and radiative heat transfer, and latent heat transfer caused 
by mass transfer. The amount of heat transferred between droplets and air can be written as: 
 
t conv lat radq q q q     (3.1) 
where 𝑞?̇? is the heat transfer rate between the two phases (W), ?̇?𝑐𝑜𝑛𝑣 is the convective heat transfer 
rate (W), ?̇?𝑙𝑎𝑡 is the latent heat transfer rate (W), ?̇?𝑟𝑎𝑑 is the radiative heat transfer rate (W). For 
temperatures relevant to spray cooling, the radiation term becomes small and can be ignored due to 
the small temperature difference between droplets and air [60]. Hence, the energy transfer rate 
between droplets and air can be written as: 
 
t conv latq q q    (3.2) 
When the air is cooled by water spray, the temperature of the injected water is generally above that 
of the wet-bulb temperature. So, energy required for evaporation of droplet at first will come from 
the water itself in which the water will experience drop in temperature due to a thermal energy 
exchange. This drop in temperature causes a corresponding amount of sensible heat transfer from 
the air to the droplets. In parallel, if there is a gradient in vapour pressure at the droplet surface, 
some water vaporised, taking heat from the droplet as well as the air. Once the water temperature 
reaches the same temperature as the air wet-bulb temperature, a phase known as steady state 
temperature evaporation will start. Here, all the latent heat of vaporization is compensated by the 
heat flux from the unsaturated air resulting in a decline of the air dry-bulb temperature, and an 
increase in the relative humidity and water vapour content. Theoretically, the air dry-bulb 
temperature can be cooled as low as the wet-bulb temperature [61]. As the rate of evaporation is 
exactly equal to the heat transferred from the air towards the droplet, the changes in the droplets 
internal energy tend to be zero, resulting in: 
 
conv latq q  (3.3) 
Within the range of water temperature and droplet sizes utilized in our research (Td ≈ 27 C˚ and 
Dv90 ≤ 222 µm), the time that droplets take to reach the start of steady temperature evaporations is 
small compared to their lifetime. A model for predicting evaporation and temperature change has 
been developed by Kincaid [56]. It showed that droplet size has a large influence on the rate of 
droplet temperature change and in consequence on the time required to attain the surrounding air 
wet-bulb temperature. For droplets of 500 µm at an air condition: Tdb=30 C˚, Twb=15 C˚ and Td=30 
C˚, the droplet temperature reached the air wet-bulb temperature in about one second. Chaker [40] 
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found that droplets of Dd= 14 µm and 30 µm injected into air with: Tdb=35 C˚, Twb=21.4 C˚, and 
Td=20 C˚ and Td=35 C˚ attained the air wet-bulb temperature very quickly in few milliseconds (less 
than 0.1 s). Furthermore, an analytical study conducted by Holterman [62] demonstrated that a 
droplet of diameter less than 50 µm moving at its terminal velocity at an ambient temperature  of 15 
C˚ and  relative humidity of 60% with drop temperature of 15 C˚ had a ratio of droplet life time to 
the time required to reach the wet bulb temperature  /life ct   of more than 300. Under the same 
ambient condition, Figure 3-1 shows the conversion of temperature of a 100 µm droplet at different 
dynamic process [62]. The droplet temperature attained the air wet-bulb temperature in about 0.15 
s. Thus, transient stage of droplet temperature towards air wet-bulb temperature can be assumed to 
be very small relative to its life time during evaporation for fine droplets. Hence, it can be an 
acceptable approximation to neglect this stage. 
 
Figure 3-1 Transient time for a 100 µm droplet to approach wet-bulb temperature (Tdb=15 C˚, Twb=10.9 C˚) [62]. 
The heat and mass transfer between air and droplets takes place at the droplet-air interface.  
Whenever a water droplet is in contact with airflow, a film of saturated air-vapor is formed on the 
droplet surface with the assumption it is spherical as shown in Figure 3-2. Heat transfer takes place 
if a temperature difference exists between the liquid temperature at the surface and the air dry-bulb 
temperature. Additionally, mass transfer takes place if a vapor concentration gradient exists 
between the vapor layer and the ambient air. 
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 Figure 3-2 Droplet heat and mass transfer mechanism 
To simplify the problem, the analysis is based on the two widely employed assumptions that 
temperature gradients within the droplet are negligible and that droplets have a spherical shape. 
Okaruma [63], using a photographic study, showed that the assumption of an average spherical 
shape is consistent for fine droplets. Furthermore, Hughes [64] and Licht [65] stated that drop 
deformation is strongly related to droplet size and that a droplet of liquid floating in air is nearly 
spherical at small droplet sizes.  
The assumption of that the temperature within the droplet is uniform and temperature gradients are 
negligible is based on the so called “lumped capacitance” which is represented by the Biot number. 
Biot number is the ratio of heat transfer coefficient on the droplet surface to heat conduction inside 
the droplet [66]. The lumped capacitance assumption is acceptable if the Biot number is smaller 
than 0.1 which is true at small droplet sizes. Biot number is defined as [55, 66]: 
  0.1
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w w
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 
 (3.4) 
where hc is the convection heat transfer coefficient (W/m
2.K). Lc is the characteristic length (m), 
and for a circular droplet is one-third of the radius. Kw is the thermal conductivity of water 
(W/m.K).  For water droplets in air, at spray cooling representative conditions, the critical Biot 
number limit is satisfied for droplets with couple of hundred micrometres. Since temperature 
gradient within droplets is neglected, the rate of energy absorbed by a single droplet can be 
expressed as:  
 
w
t w p d
q m C T   (3.5) 
The convective heat transfer between the droplet and air is calculated as:  
   conv c d a dq h A T T   (3.6) 
where Ad is the droplet surface area (m
2). Since that droplets are assumed to have spherical shape 
during evaporation, droplet surface area can be expressed as:  
Saturated air-vapor film 
?̇?𝑐𝑜𝑛𝑣 ?̇?𝑙𝑎𝑡 
   Droplet 
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And droplet mass can be expressed as:   
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m    (3.8) 
where Dd is the droplet diameter (m). The latent heat transfer is calculated as:  
  lat e fgq m h  (3.9) 
where em  is the mass flux that transferred to the air from the droplet (kg/s) due to the mass transfer 
between air and droplet surface exchanged by evaporation. hfg is the Latent heat of water 
vaporization (J/kg). The driving force of the evaporation is the difference between the vapor 
concentration at the droplet surface and the air and is given by [54]: 
  ,e d D s int vam A h C C   (3.10) 
Where, hD is the mass transfer coefficient (m/s) and (Cs,int – Cva) is the difference between the molar 
concentration of the water vapour at the saturated air-vapor layer, Cs,int and the air stream, Cva 
(kmol/m3) as shown in Figure 3-2.   
The vapor molar concentration can be written assuming that the saturated air film is an ideal gas as: 
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  (3.11) 
where
i is the molar mass (g/mol), Pi is the vapor pressure (Pa) and R is the universal gas constant 
(8.31 j/mol.K). 
With the assumption that the temperature of the air film around the droplet is equal to the droplet 
temperature and this film is in saturation. Thus, (𝐶𝑠,𝑖𝑛𝑡 − 𝐶𝑣𝑎) is given by:  
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C C
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 
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 (3.12) 
Where Pv,sat is the vapor pressure at the droplets surface and equal to the saturation pressure of 
water at the droplet temperature. Pv,a is the pressure of the vapor in the air. 
By substituting equations (3.10 and 3.12), the mass transfer flux between the air and droplets 
becomes as:  
 
 , ,v sat d v av
e d D
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 (3.13) 
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As the mass transfer coefficient can be obtained by the relation [55]:  
 
f
D
d
Sh D
h
D
  (3.14) 
where Sh is Sherwood number, a dimensionless mass transfer number and Df is mass diffusion 
coefficient of vapour (m2/s). Therefore, the mass flux transfer becomes: 
 
 , ,d f v v sat d v a
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A Sh D P T P
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 (3.15) 
Similarly, by evaluating the mass evaporation, the decrease in droplet diameter also can be 
calculated as:  
 ( ) ( )2
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  (3.16) 
The rate of energy absorbed by each droplet can be expressed by subtiting equations (3.2, 3.5, 3.6 
and 3.15) as: 
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While equation 3.17 describes the energy balance for the water side, an equivalent energy balance 
can be created for the air side to calculate the air temperature. During this interaction, the heat is 
transferred from the air only into the form of sensible heat. Thus [40]: 
   
aa p a c d a d
m C T h A T T    (3.18) 
For the purpose of solving the above relationships numerically, a finite difference appraoch is 
applied. The change of the droplet mass due to evaporation at each time interval (t+Δt) can be 
calculated by: 
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The air temperature at each time interval  t t  is calculated as:  
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3.1.1 Determination of convective heat and mass transfer coefficients 
Determination of the convective heat and mass transfer coefficients for a droplet flowing into air 
analytically is complicated due to that the flow characteristics are changing with droplet Reynolds 
number [67]. Experiments provided good empirical correlations that can describe the heat and mass 
transfer developments well. Hence, the heat and mass transfer coefficients correlations used are 
empirical. 
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Droplet heat and mass transfer can be split into two schemes, natural and forced convections. In 
spray injection, droplets are released to a moving airflow where a relative velocity between the 
droplets and the airflow present for a certain time depending on the droplet Reynolds number. 
During this interval, the heat and mass transfer are carried from or to the droplets through forced 
convection [67]. Hence, the mass is transferred by convection instead of diffusion and the heat is 
transferred by convection instead of conduction. Once the relative velocity becomes zero, natural 
convection takes place. In forced convection, adjustments are applied to the heat and mass transfer 
coefficients to compensate the enhancement in the heat and mass transfer rates provided by the 
relative velocity through non-dimensional numbers. The Nusselt and Sherwood dimensionless 
numbers are employed to account for the relative velocity influence on the mass and heat transfer of 
a moving droplet. 
The mass and heat transfer rate of a droplet moving into air has been studied by many authors and 
has been reviewed by Clift [68]. Thus, various correlations of Nusselt and Sherwood numbers can 
be found in the literature developed from numerical and experimental studies [52, 67, 69-71]. In the 
current study, the Ranz and Marshall correlation is used as it has been well validated for the 
relevant range of Reynolds Number (Red < 800) and air temperature (Ta < 220 C˚) [52].  
The dimensionless mass transfer rate number, the Sherwood number is given by: 
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The dimensionless heat transfer rate number, called the Nusselt number can be written as: 
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During natural convection when the relative velocity (droplet Reynolds number) comes to be zero, 
the mass and heat transfer numbers Sh and Nu are then equal to 2. The mass and heat transfer 
numbers Sh and Nu are used to determine the mass and heat transfer coefficients, respectively. 
In equations 3.21 and 3.22, Red is the relative Reynolds number between the droplet and the airflow 
and is given as: 
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where a and a are the dynamic viscosity (kg/ms) and density of air (kg/m
3). rV  is the droplet 
velocity relative to air 
d aV V  (m/s).  
Sc is the the Schmidt  number and written as: 
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Pr is the Prandtl number and is defined as: 
 a
a p
r
a
C
P
K

  (3.25) 
3.2 Droplets momentum transfer model 
The heat and mass exchange of an evaporating droplet described in the previous section cannot be 
applied without considering the adjustments in the transfer coefficients caused by the droplet 
dynamics due to the interaction between the droplets and the airflow. There is a momentum 
exchange event occurring during the course of the droplet which controls the droplet dynamics. As 
a result, besides the analysis of the heat and mass transfer that results in diameter and temperature 
change in which the evaporation rate of droplets and the air temperature can be calculated, the 
droplet history (velocity and position) need to be analysed using the momentum conservation 
equations between the droplet and the airflow.  
In practice, these processes (heat, mass and momentum) are coupled closely and in order to obtain 
realistic outcomes, changing of droplet diameter and temperature as well as air properties are 
essential to be updated continuously in the transport equations. This is because droplet dynamics 
depends on these parameters. For example, droplet diameter change due to mass transfer impacts 
the droplet drag coefficient. The droplet acceleration is directly proportional to the drag coefficient  
and inversely proportional to the droplet diameter  [72]. In the same way, the Reynolds number 
affecting the heat and mass transfer and must be computed contiguously. Thus, the momentum 
analysis is solved in conjunction with the heat and mass transfer conservation equations to take into 
account their influences on each other.  
The trajectory of an evaporating spherical droplet moving in a continuous airflow is determined by 
solving its momentum equation, based on Newton’s second low of motion and by including the 
influence of the relevant forces from the airflow and accounting for the instantaneous change of 
droplet characteristics due to the heat and mass exchange with air. Hence, the motion equation of a 
single droplet can be written as: 
 dm a F  (3.26) 
where md is the droplet mass (kg); ?⃗? is the acceleration of the droplet (m/s2); and F  is the sum 
of forces acting on the droplet. This law shows that a droplet motion can be calculated by balancing 
the droplet momentum change and the acting forces on it. Equation 3.26 can be rearranged to: 
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 d dd m V
F
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  (3.27) 
The droplet trajectory can be determined by obtaining droplet velocity and consequently the droplet 
position. The droplet velocity can be estimated by integrating the above equation and the location 
can be estimated by further integration of Newton’s equation as: 
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Where dV  is the droplet velocity (m/s); and   dX is the droplet position (m). 
A single droplets moving into airflow is subject to various forces that affect their trajectory. Once 
these forces are known, droplets instantaneous velocities and positions can be calculated. Thus, it is 
important to carefully estimate these forces [73]. A single droplet moving into airflow is subject to a 
combination of internal and external forces including drag, gravity, buoyancy forces, and forces due 
to pressure gradient, Basset effect, and thermophoresis [42, 50]. However, by using the assumption 
that all droplets are isolated and have spherical shapes, adjustment in speed or direction of a droplet 
in air are brought mainly by drag and gravity. Previous studies demonstrated that other forces have 
a negligible effect in flow conditions similar to ours [34, 74]. Buoyancy force is insignificant in 
comparison to drag and gravitational forces as the air to water density ratio is small (ρa / ρw ≈ 10-3) 
[75]. The pressure gradient and Basset forces are also insignificant because the density of water is 
much larger than that of air [75]. Considering only gravity and drag forces, the motion equation of a 
single droplet can be written as: 
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The droplet motion equation at each time interval can be rearranged to: 
 
d
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Figure 3-3 Forces acting on the droplet (NTS) 
Figure 3-3 shows a free body diagram of a single droplet assumed that it maintains a spherical 
shape during its life time. The Forces acting on the single droplet injected in the co-flow direction 
of the airflow with an angle are shown in Figure 3-3. Gravity force greatly affect droplet trajectory 
when moving into air. The gravity force is proportional to droplet mass. The gravity force always 
acts in the downward direction towards the earth and can be expressed as: 
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Where gF  is the gravity force (N), and g is the gravity acceleration (9.81 m/s
2). 
The most important force that significantly affect droplet trajectory is the air drag which can be 
described by the air drag coefficient. The total drag force depends on the droplet shape and size, the 
relative velocity of the droplet with respect to the air and the viscosity and density of the air [75]. 
The drag force acts in the direction opposite to the relative velocity between the droplet and airflow. 
It can be expressed acting on a spherical drop in terms of a numerically or experimentally 
determined drag coefficient as: 
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where CD is the drag coefficient and rV  is the droplet relative velocity (m/s).. 
By substituting equations (3.23, 3.31 and 3.32) into equation 3.30, the droplet motion equation 
becomes: 
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The droplet motion equation can be rearranged using droplet Reynolds number to: 
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3.2.1 Determination of drag coefficient 
To compute the drag force, the drag coefficient needs to be determined. Drag coefficient is a 
dimensionless number and is a function of the droplet Reynolds number and the shape of the droplet 
[76]. Since that droplets are assumed to have spherical shape during their trajectory, the drag 
coefficient becomes a function of only droplet Reynolds number. There is no general theoretical 
relationship available on the literature to predict the connection between drag coefficient and 
droplet Reynolds number across the speed range found in practice. For droplets moving in Stokes 
flow (Red < 0.1), CD is given by 
24
D
ed
C
R
  and the term 
24
D edC R in equation 3.34 is equal to 1 [62]. 
For higher Reynolds numbers, drag coefficient and droplet Reynolds number relationships are 
based on empirical correlations valid for specific ranges of Reynolds number.  
At higher Reynolds numbers, flow separation starts to take place around the droplet. The drag 
dominates the airflow around the droplet and become significant. As a consequence, some 
corrections factors have to be used to modify the drag coefficient of Stokes’ law [73]. There are 
many empirical correlations proposed in the literature to calculate drag coefficients of a spherical 
droplet moving into air. The Morsi and Alexander correlation for spherical drag coefficient is 
employed here as it is the most complete drag coefficient correlation and is valid for Reynolds 
numbers from 0.1 up to 50 x 103 [77, 78]. This correlation divides the relationship between drag 
coefficient and Reynolds number into eight equations with the same form but at different constants. 
The Morsi and Alexander drag coefficient correlation is expressed as: 
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where a1, a2, and a3 are constants for different range of Reynolds numbers (Table 3-1). 
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Table 3-1 Morsi and Alexander drag coefficient correlation constants [77] 
Red  a1 a2 a3 
.10edR    0 24 0 
0.1 1edR    3.69 22.73 0.0903 
1 10edR    1.222 29.1667 -3.8889 
10 100edR    0.6167 46.5 -116.67 
100 1000edR    0.3644 98.33 -2778 
1000 5000edR    0.357 148.62 -4.75e4 
5000 10000edR    0.46 -490.546 57.87e4 
10000 50000edR 
 
 0.5191 -1662.5 5.4167e4 
 
3.3 Summary 
The spray cooling process is a two-phase flow phenomenon and characterised by several 
simultaneous heat, mass and momentum effects. The conservation processes are closely coupled 
and have influence on each other. The droplets momentum equation is solved simultaneously with 
the mass and energy equations of droplets. A full mathematical description of the two-phase flow in 
spray cooling process was presented with the basic theory of droplet evaporation and transport, 
associated empirical formulas and assumptions. The presented mathematical model was based on a 
single droplet level. This model can be extended to take account of the other effects of droplets 
interaction and the whole spray on the airflow by means of numerical simulation. A CFD model 
will be developed in chapter 4 using Fluent to simulate the evaporating water spray in airflow and 
its influence on the airflow based on the presented mathematical model along with suitable selection 
of empirical correlations for calculating heat and mass transfer coefficients, and drag coefficient. 
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Chapter 4 Numerical modeling 
This chapter presents the development of an Eulerian-Lagrangian 3D CFD model to simulate 
evaporating water sprays for air cooling application aimed to enhance the performance of NDDCTs 
during high ambient temperature periods. Considering the complexity involved in conducting spray 
cooling experiments especially with spray injections of high pressure, the aim of the 3D CFD model 
is to calculate droplet evaporation and transport, and air cooling numerically for a range of air 
conditions and a number of spray characteristics at an airflow approximating the inlet airflow 
environment in a Natural Draft Cooling Tower. Once validated by tested data, such a CFD model 
should provide a good predictive design tool for spray cooling systems optimisation. 
In this chapter, the 3D CFD model for the wind tunnel test rig with NDDCTs inlet flow conditions 
is developed and validated with a single droplet evaporation model. The droplet transport and 
evaporation and the resulting air cooling from a single spray nozzle injection are presented for a 
range of inlet air conditions and spray characteristics. The impacts of droplet size and air velocity 
on droplet evaporation and air cooling performance were characterised. This chapter is based on a 
published journal paper (Paper.1). In Addition to the paper, this chapter provides a large piece of 
information that was not provided in the published paper. This chapter serves to fulfil the research 
objectives 1, 2 and 5 of this study. 
4.1 Introduction 
Spray is a two-phase flow phenomenon and experience several actions when injected into air 
including heat, mass and momentum transfer. Experimental analysis of such complex flows 
involving droplet dynamics is costly and a challenging method. CFD is a good tool to analyse such 
two-phase flow. CFD offers the advantage that full-field local data can be obtained which can help 
understand the process, e.g. local increase in droplet flow velocity downstream the nozzle. In 
addition, it allows the control of physical parameters of the two-phase flow independently which 
may not be possible sometimes with the available nozzles or very expensive and time consuming, 
e.g. small droplet size distribution and high flow rate. CFD also gives more control on boundary 
conditions which allow conducting parametric analysis without difficulty. Furthermore, the physical 
interactions between the two phases often occur at a very small time interval that is beyond the 
capability of the common available experimental apparatus [73]. For those reasons, current trend in 
spray systems research is focused on CFD simulations. However, CFD simulation of water spray 
flow can be challenging due to strong coupling between the two phases, droplet evaporation and 
collision. Moreover, exact spray initiation into CFD simulation is a challenging issue. 
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4.2 Numerical approach 
Computational solutions to continuous turbulent fluid flows can be achieved by several approaches 
including: Reynolds-averaged Navier-Stokes (RANS), large-eddy simulation (LES) and direct 
numerical simulation (DNS) [50]. Selection of the suitable approach depends on the resolution 
required for the turbulence quantities and on the available computational resources. The most 
accurate approach to solve the conservation equations of turbulent flows is the DNS where there is 
no averaging or approximation and the instant turbulence quantities can be obtained directly [50]. 
However, it requires intensive computational processing even for a simple flow configuration. LES 
is partially direct simulation but still requires advanced computational resources [79]. RANS is 
based on the averaging of the conservation equations to model the flow turbulence. Despite that 
RANS approach does not provide the local turbulence quantities; it is the commonly used approach 
for solving the Navier-stokes equations of a turbulence fluid flow as it demands fewer 
computational resources compared to DNS and LES [79]. Spray cooling systems involve large 
geometries, thus RANS is the only practical approach. Therefore, the RANS approach appears to be 
an appropriate option for our application to model the turbulent airflow.  
By using the Reynolds-averaged Navier-Stokes (RANS) approach to model turbulent flow fields, 
additional closure models are required. This is because unknown variables including turbulent stress 
and turbulent flux are introduced to the time-averaged Navier-Stokes equations due to Reynolds 
based averaging [80]. This can be managed by using turbulence modeling [80]. 
4.2.1 Turbulence modeling 
There are various turbulence models available to attain closure in the time-averaged Navier-Stokes 
equations including algebraic models (mixing length), one equation models (µt-model and k-
model), two equation models (standard k-ε model, RNG k-ε model and k-ω model), Reynolds stress 
models (RSM) to name a few [81]. However, it is well known that there is uncertainty when using 
these turbulence models and none of the available turbulence models can provide detailed 
turbulence properties as those produced by the direct or large eddy numerical simulations. Wang 
[82] compared the effect of five turbulence models (Reynolds stress models (RSM), standard k-ε 
model, RNG, k-ω, SST) on a mist impinging jet cooling application. They concluded that the RSM 
gave the most accurate results followed by the standard k-ε model. The standard k-ε model is used 
widely as a turbulence model in engineering fluid flow application as it has been verified to be 
robust, require less computational time and is valid for a broad range of turbulent flows [82]. The 
standard k-ε model was employed in different two-phase flows applications including gas turbine 
fogging, air conditioning, and cooling tower drift to attain closure in the conservation equations [42, 
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43, 83-85].  Therefore, in this study, the standard k-ε model was selected as it is the simplest, offers 
reasonable accuracy at low computational cost and is proven to be applicable for studies related to 
spray movement into air. Furthermore, the flow in this study is simple and no strong vortices or 
rotation are involved. 
The standard k-ε model is a two equation turbulence model and based on the Boussinesq 
hypothesis. In this model, the Reynolds stresses are related to the mean velocity which provides two 
additional transport equations of turbulent energy dissipation and turbulence kinetic energy [78]. 
The turbulent energy dissipation and turbulence kinetic energy equations are given in section 4.4 
(equations 4.13 and 4.14). 
4.2.2 Two-phase flow modeling 
There are two main approaches for the modeling of two-phase flows. These are the Eulerian-
Eulerian approach and the Eulerian-Lagrangian approach. In the Eulerian-Eulerian approach, both 
the continuous and discrete fields are treated as continuous over the whole process and described 
utilizing the Eulerian framework. Therefore, the discrete phase conservation equations are described 
by the Navier-Stokes equation as the continuous phase. To use this type of method, the 
concentration of the dispersed phase on each computational element should be large enough to 
satisfy the continuum standards where the averaged properties can be assumed for the discrete 
phase [86]. The most common form of this approach is Volume of Fluid (VOF) [78]. In the 
Eulerian-Lagrangian approach, the continuous phase is described utilizing the Eulerian framework 
while the discrete phase is solved using the Lagrangian framework. In the Lagrangian scheme, a 
large number of discrete particles are tracked separately by integrating the motion equations 
governed by Newton’s second law and including the influence of the relevant forces from the 
continuous phase. The Eulerian-Lagrangian approach has the advantage over the Eulerian-Eulerian 
approach that it offers a much more detailed description of the discrete particles history in the 
continuous flow field. However, it is only suitable for dilute discrete phases [87]. Physically, this 
approach is more natural and closer to the real phenomenon. For spray modeling applications, the 
most common method in use is the Eulerian-Lagrangian approach [87, 88]. Therefore, in this study, 
the Eulerian-Lagrangian approach was chosen to be used in this work as the water phase is dilute. 
The volume concentration of droplets is low compared to air and is less than 10%. 
4.2.3 Stochastic tracking 
By using the Reynolds-averaged Navier-Stokes (RANS) approach to model turbulence in the flow 
field, the time-averaged turbulence quantities are obtained. The discrete phase resolved by 
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Lagrangian frameworks requires knowing the instantaneous turbulence quantities of the continuous 
phase. In turbulence regions, the continuous velocity involves some fluctuation components caused 
by turbulence affecting droplets behaviour. This variation causes fluctuation on the droplets 
velocities and using the averaged velocity will result in an averaged trajectory [89]. The effect of 
turbulence is described using stochastic tracking models, where the fluctuating velocity component 
is calculated. Calculating the fluctuation components of the continuous phase velocity allows 
obtaining the instantaneous continuous phase velocity. Thus, for stochastic tracking models, the 
instant value of the continuous phase velocity 𝑉𝑎 is: 
 𝑉𝑎 =  ?̅?𝑎 +  𝑉𝑎
` (4.1) 
where 𝑉?̅? is the mean continuous phase velocity obtained from the RANS solution and 𝑉𝑎
` is the 
fluctuating velocity component caused by the turbulence obtained from stochastic tracking model. 
Basically, the discrete phase is resolved by using the instantaneous continuous phase velocity rather 
than the mean velocity obtained from the time-averaged equation. 
Different stochastic tracking methods were developed based on the RANS approach to calculate the 
random fluctuating velocity components of the continuous phase [89-91]. In this study, a stochastic 
particle tracking model is employed assuming the turbulent flow follow a Gaussian probability 
distribution function. This stochastic tracking model has been used widely in spray transport 
modeling [44, 90, 92-94]. The value of the fluctuating components of the continuous phase using 
the Gaussian probability distribution function is given by: 
 𝑉𝑎
` = 𝜉√𝑉𝑎
`2̅̅ ̅̅ ̅ (4.2) 
Where   is random distributed number sampled from Gaussian method; and √𝑉𝑎
`2̅̅ ̅̅ ̅̅
 is the local 
mean root square of the fluctuating velocity component and can be obtained for the standard k-ε 
model as [93]: 
 √𝑉𝑎
`2̅̅ ̅̅ ̅ = √2 3⁄ 𝑘 (4.3) 
where k is the turbulence kinetic energy obtained from the standard k-ε model. This fluctuating 
velocity is used over a time interval called the characteristic lifetime of the eddy 𝑡𝑒. When this time 
scale is reached, a new value of  is calculated to update the instantaneous air velocity until full 
trajectory is reached [95]. 
39 
 
4.2.4 The numerical coupling between the airflow and the droplets 
In order to predict the droplets behaviour and their effect on the airflow, understanding of the 
interaction level between the droplets (discrete phase) and the continuous phase (air) is essential. 
According to Elgobashi [96], there are two regimes in which the transport of water droplets flow in 
a turbulent air flow can be numerically predicted with regards to the interaction level between the 
two phases in Eulerian-Lagrangian simulations. The first regime is the “one way coupling” where 
the influence of the droplets on the airflow characteristics is negligible. That means, air properties 
are not impacted by the existence of droplets. The second regime is the “two-way coupling” where 
the influence of the droplets on the airflow characteristics is large enough to affect the airflow. 
Therefore, modification to the airflow field governing equations is necessary to take into account 
the two-phase coupling. In addition to these situations, droplet/droplet interaction may occur, so 
another regime takes place called “four way coupling” where droplets exchange momentum with 
nearby droplets [50]. Identifying the type of coupling between the two phases is related to the 
volume fraction of discrete phase on the carrier phase. The volume fraction is an indication of 
whether the spray is dilute or dense. For very dilute regions, one-way coupling can be considered 
and for dilute region, the two-way coupling can be considered. The four-way coupling, on the other 
hand, is used in addition to the two-way coupling for dense regions [50, 96]. Since the volume 
fraction of spray is low compared to air (less than 10%), the influence of droplets on the airflow 
were taken into account by using the two-way coupling regime [78].  
There are several techniques to take the droplet influence on the airflow into account in dilute spray 
regions when the Eulerian-Lagrangian approach is used. These include the discrete droplet model, 
the particle-source-in-cell (PSI-cell) model, population models and techniques of moments [97]. For 
discrete phases simulated by Lagrangian framework, the widely used method to take into account 
the coupling exchange between droplets and air in spray cooling is the PSI-cell model developed by 
Crowe [98, 99]. In this model, the governing equations of the two phases are connected by 
introducing source terms of mass, energy and momentum into the air phase governing equations. 
Droplets vaporisation results in heat and mass transfer, and sources of mass and energy need to be 
incorporated into the mass and energy equations of air. Acceleration or deceleration of droplets 
results in a momentum exchange which is also incorporated into the air momentum equation. 
The incorporation of the coupling influence of the two phases on each other is achieved by means 
of an iterative process as illustrated in the flow chart in Figure 4-1, following the concept of Crowe 
[98]. Firstly, the entire airflow phase is resolved using the Eulerian framework neglecting the 
existence of droplets. Second, the droplets trajectories including size, velocity, position and 
40 
 
temperature histories are calculated utilizing the Lagrangian framework based on the computed 
airflow field. At this stage, the mass, energy and momentum transfer exchanges are calculated and 
then added as source terms into airflow field computation. Next, the airflow field is recalculated 
incorporating the source terms provided from the discrete phase computation. These steps are 
repeated iteratively until a balance is attained. Thus, the effect of droplets on the airflow 
characteristics can be calculated.  
 
Figure 4-1 Coupled between continuous and discrete phase calculations flowchart 
4.3 Solver settings 
The commercial CFD code ANSYS/FLUENT (14.0) was used to perform the simulations [78]. 
Fluent is robust, accurate and easy to use which made it the most commonly utilized code for 
modeling engineering fluid flows [94]. It uses the finite-volume method to solve the governing 
equations of the fluid flows. As described earlier, the Eulerian-Lagrangian approach was used in 
this study where the air is described by the Eulerian framework and the water droplets are described 
using the Lagrangian framework. The Reynolds-time averaged Navier-Stokes conservation 
equations were used to describe the air flow field. The turbulence in the air was modeled using the 
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standard k-ε model. The discrete phase modeling (DPM) in Fluent was used for the Lagrangian 
modeling of water droplets. The influence of droplets on the air flow was taken into account by 
introducing source terms of mass, energy and momentum into the air phase governing equations.  
A staggered grid solution with the SIMPLE algorithm for the coupling of pressure and velocity was 
used. Turbulent dispersion effect on droplet was modeled using a stochastic droplet tracking model. 
The spatial discretization scheme utilized was the first order upwind, except for the pressure where 
the standard scheme was employed. For momentum and mass fraction of H2O, the second order 
scheme was employed.  
4.4 Governing equations 
4.4.1 Continuous phase (air)  
The airflow was modeled as a steady, incompressible, turbulent and continuous flow. The air flow 
field was described by the Reynolds-time averaged Navier-Stokes conservation equations combined 
with the standard k-ε model developed by Launder [100] to account for the turbulence effects. The 
governing equations of the airflow are given in the Eulerian modeling as [78, 101]: 
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The additional parameters , ,m mo eS S S  are the source terms of droplet mass, momentum and energy, 
respectively as two-way coupling between the two phases is considered. ij  is the stress tensor and is 
given as: 
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a ai ajv v , a pa ai ac v T and a ai iv Y represent the RANS turbulent stresses, turbulent heat fluxes, and 
turbulent mass flux, respectively. Employing the standard k-ε model as a closure model, the 
turbulent stress, heat and mass fluxes are related to the turbulent viscosity as follow [80]: 
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where 
t is the turbulent viscosity and k is the turbulent kinetic energy. The terms tr
P and
t
c
S are the 
turbulent Prandtl and Schmidt numbers. The turbulent viscosity 
t is expressed as: 
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Where 𝜀 is the dissipation rate and c  is an  empitrical constant based on the standard k-ε 
turbulence model [100]. The equations for the turbulent kinetic energy and the turbulent dissipation 
of the kinetic energy, respectively, are [78]: 
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Where 
kG  is the production of turbulent kinetic energy and is expressed as [78]: 
 
ai
k ij
j
v
G
x




 (4.15) 
The model constants  1 2, , , ,k C C C    used in the standard k-ε model are obtained from Launder 
[100] as shown in Table 4-1. 
 
 
Table 4-1Continuous phase turbulence model constants 
σk σε C1 C2 Cµ 
1 1.3 1.44 1.92 0.09 
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4.4.2 Discrete phase (water droplets)  
The water phase was modeled as a steady flow and solved as discrete phase using the Lagrangian 
framework. In spray systems, water injected into the air is quickly disintegrated on exit from the 
nozzle into droplets that follow their own trajectories (Figure 2-3). Basically, when the dispersed 
phase is described using the Lagrangian framework in spray modeling, it is too demanding to 
numerically simulate all of the discrete particles individually since there are too many droplets to be 
tracked individually. Thus, in this study, droplets are represented by a specified number of parcels 
equivalents to the entire spray to reduce computational time. Each parcel contained a number of 
identical particles sharing the same properties (diameter, velocity, trajectory, temperature, etc.). The 
computations were done for only one droplet in each parcel and the other droplets in the parcel were 
expected to behave in the same manner. A suitable number of parcels were determined using a 
numerical sensitivity study to describe the spray accurately (section 4.8). 
By modeling droplet trajectories via the Lagrangian framework, each discrete droplet is tracked 
individually within the air flow by integrating the motion equations governed by Newton’s second 
law and including the influence of the relevant forces from the air. As described earlier, by using 
the assumption that all droplets are isolated and have spherical shapes, adjustment in speed or 
direction of a droplet in air are brought mainly by drag and gravity (section 3.2). The effect of 
turbulence on droplets is addressed by calculating the instantaneous air velocities in the time-
averaged Navier-Stokes equations employing a stochastic velocity model as part of the particle 
tracking model. 
In addition, the influence of droplets on the airflow was taken into account by using the two-way 
coupling regime. These source terms , ,m mo eS S S  that appear in equations (4.4, 4.5, 4.6 and 4.7) are 
introduced to represent droplets mass, energy and momentum exchange with air. These source 
terms are computed from the Lagrangian framework by alternate process through volume averaging 
method and then incorporated into the Eulerian airflow RANS equations. For every computational 
cell, the volume averaged source terms are computed by collecting the influence of the n number of 
droplets within the computational cell. Thus, the influence of droplets on the surrounding airflow is 
recognized. These source terms are given as [102]: 
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where 
cellV  is the volume of one computational cell and Ed is the total energy of a single droplet. 
The terms of mass, momentum and energy transfer at each time interval, 
     
,
d d d dd
d m d m d m E
and
dt dt
V
dt
, respectively; are calculated using equations (3.15, 3.17 and 3.34) 
and then added as source terms into airflow field computation (section 4.2.4). 
4.5 Computational Geometry 
To study droplets transport and evaporation in air, the domain for the computational investigation 
applied in this study is based on the wind tunnel setup described later in chapter 5 (an 
approximation to the inlet flow in a NDDCT) for future validation of the CFD model against 
experimental measurements. As droplets discharged from a spray nozzles travel in three 
dimensions, a 3D numerical model was developed with a channel size of 10 m long and 1x1 m2 
cross section. The actual tunnel length is 5.6 m but the numerical model is extended to 10 m to track 
droplets behaviour over a longer residence time. One spray nozzle with a hollow cone spray was 
simulated. It was located 0.5 m from the inlet and 0.7 m above the floor to allow more residence 
time for droplets before falling to the ground (tunnel floor). The inlet air flow was of uniform 
velocity representing the action of the flow conditioners in the test tunnel. The nozzle was set-up to 
inject droplets horizontally in a co-flow direction (air and water moving in the same direction). 
Figure 4-2 shows the 3D computational domain. The full domain extends over the full channel to be 
able to represent actual non-symmetric droplet distributions and to correctly capture turbulent 
dispersion.  
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Figure 4-2 Computational Geometry 
4.6 Boundary Conditions 
The main boundary conditions of the simulation domain considered in this study are shown in 
Figure 4-2. 
4.6.1 Continuous Phase (air) 
The continuous phase (air) was assigned as an ideal air mixture containing water vapor, oxygen and 
nitrogen, with different compositions depending on the mixture humidity and assuming that the dry 
air part composed of 77% of nitrogen and 23% of oxygen by mass. Air properties were calculated 
based on the psychometric standard [61]. A velocity inlet was prescribed for the channel inlet. 
Uniform airflows of low velocities were prescribed at the inlet. The inlet turbulence intensity was 
assumed as 1% for all cases. The operating pressure in all boundaries was assigned equal to the 
atmospheric pressure, 101.325 kPa. A pressure outlet was prescribed for the channel outlet. The exit 
flow pressure was atmospheric pressure. All the computational domain side walls were prescribed 
as adiabatic walls with no-slip velocity boundary condition. The standard wall function was used in 
the near wall regions.  
4.6.2 Discrete Phase (water droplets) 
The discrete phase (water droplets) was assigned as pure water. Droplets were injected at a uniform 
temperature equal to 27 C˚. It was assumed that droplets have spherical shapes. The temperature 
gradient within the droplets was assumed to be negligible due to the small size of droplets used 
[103]. Droplet collision and coalescence were neglected in the simulation as the spray is dilute [46]. 
Velocity inlet 
  
Spray injection 
Walls (escape- no slip) 
x y 
z 
0.5 m  
10 m 
1
 m
 
Pressure outlet 
1 m 
0.7 m 
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Droplets were represented by a specified number of parcels adequately describing the entire spray 
based on a numerical sensitivity test discussed later. Instead of using spray models, different fine 
uniform droplet size distributions with a hollow cone spray pattern were applied at the nozzle 
injection point. The injection was set-up in a co-current direction with the airflow. The wall 
boundary condition for droplets impacting walls was assigned as “escape” which means that 
droplets are terminated and excluded from further calculation once impacting the walls. This regime 
is also assigned for the inlet and outlet. 
4.7 Operating conditions 
4.7.1 Continuous Phase (air) 
The CFD model was developed to simulate evaporating water sprays for air cooling applications 
aimed to enhance the performance of Natural Draft Dry Cooling Towers during high ambient 
temperature periods. Simulation parameters are representative of typical conditions of natural draft 
cooling towers under hot and dry ambient conditions.  
4.7.2 Discrete phase (water droplets) 
With regard to spray characteristics, hollow-cone fine droplet size distributions (Dd ≤ 50 µm) were 
investigated to increase the chance of achieving complete evaporation within the available residence 
time which is the ultimate goal of this study. Previous studies showed that, in general, droplets of 
more than 50 µm are unlikely to evaporate completely unless very long residence time is provided 
(long ducts) [6, 42].  
In an industrial application, the injected amount would rely mainly on the coverage area by 
individual nozzles if injection uniformity is essential. Depending on the cross-sectional area 
covered, the required flow rate per nozzle can be assigned to obtain full saturation of air 
(theoretically) assuming adiabatic cooling. At the operating conditions used in this study, it has 
been found that approximately half of the 1 m2 cross section is covered at the outlet. The nozzle 
flow rate was calculated as the amount of water, that if fully evaporated, would achieve full 
saturation (theoretically) of an air stream flowing through an area of 0.5 m2. The nozzle flow rate 
was calculated using the water vapour balance between air and water spray (section 5.1.4). The 
operational conditions are summarised in Table 4-2. 
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Table 4-2 Operating conditions of the air and the water droplets 
Continuous phase (Air) Discrete phase (Water) 
Velocity: 1,2,3 m/s Droplet size: 20, 35, 50 µm 
Temperature: 40˚C 
Relative humidity: 40% 
Temperature: 27˚C 
Velocity: 30 m/s 
Cone angle: 120˚ 
 Flow rate: for full saturation  
(3.25, 6.65, 9.85 g/s for 1, 2, 3 m/s, respectively)  
 
4.8 Mesh generation and grid independence 
The computational grid was a uniform mesh made from hexahedral elements. The computational 
grid was constructed and meshed using the ANSYS meshing application (version 14.0). The 
accuracy of the numerical model predictions depends greatly on the grid quality. The cell size 
should be small enough to capture high gradient change of calculated variables along the domain. 
The selection of grid size was decided first based on a grid independence test conducted on only the 
continuous phase simulation without introducing water spray. Consistency on the results was 
achieved for cell sizes below 30 mm. Therefore, for a single phase calculation, the maximum cell 
size is 30 mm. Once reliable solution was obtained for the continuous phase, the discrete phase was 
introduced to simulate the two phase flow including the two way coupling. In addition, the 
computational grid size was refined near the nozzle (injection area). This refinement allows more 
accurate capturing in this area where exchange of momentum and mass between air and droplets is 
the largest. The dimensions of the refined region are: the length is 0.4 m with a cross section of 0.2 
m x 0.2 m. The refinement is generated by utilizing the region adaptation technique available in 
Fluent where cells are refined in all directions [78]. 
A grid dependency test has been performed to examine the quality of the grid after introducing the 
discrete phase. Several uniform grid size were constructed initially with mesh size of 30 mm based 
on the grid dependency test of the air flow simulation. Subsequently, the grid size was decreased 
down to 9 mm which was the smallest possible size due to the large size of the computational 
geometry. Furthermore, the grid size in the region close to the nozzle was refined to cells with 
edges length of 20 mm initially and decreased down to 1.8 mm. Grids investigated in this 
independence test are summarised in Table 4-3.  
The grid independence study was carried out for a hollow-cone nozzle injecting uniform droplet 
size distribution of 50 µm at 30 m/s droplet velocity and 27˚C water temperature. The air condition 
was: 3 m/s velocity, 40˚C dry-bulb temperature and 40% relative humidity. In these conditions, the 
effects of momentum, heat and mass transfer are stronger than most planned simulations. Hence, 
results of this case can be extended to other conditions, which are investigated in this study. To 
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ensure efficient computation, the size of the computational grid for the grid independence study was 
conducted into the same grid cross section with 2 m length instead of 10 m. Such test is not a 
stringent grid quality test. However, it gives convinced confidence of using its result as the first 
region of the computational grid experiences largest gradients and is the most critical region to the 
overall performance.  
 
Table 4-3 Grid sizes employed in grid independence test 
Grid 
Cell size (mm)  Number of Cells 
Domain Refined region  Domain Refined region 
30│30 30 30  74074 593 
20│20 20 20  218880 2000 
15│15 15 15  597037 4740 
15│7.5 15 7.5  628978 37925 
20│5 20 5  344500 128000 
10│5 10 5  2082000 128000 
9│4.5 9 4.5  2808177 175582 
15│3.75 15 3.75  889602 303407 
20│2.5 20 2.5  1115000 1024000 
15│1.87 15 1.87  2941225 2427259 
10│2.5 10 2.5  2989200 1024000 
9│2.25 9 2.25  4045200 1404663 
In order to judge convergence of the used grids, the criterions for iterative convergence were set as 
10-4 for all of the calculated variables. The numerical residuals are the relative difference of each 
calculated variable between two successive iterations. However, according to Collin [44], residuals 
are not a good indicator for convergence in two phase flows with Eulerian-Lagrangian couplings as 
fluctuation in the residuals are induced by source terms of the discrete flow which disturb the 
residuals. Therefore, iteration convergence was also judged by monitoring sensitive quantities such 
as droplet concentration and average air temperature on selected planes and positions. These 
quantities were constant and not changing after a number of iterations. Typically, more than 2000 
iterations are required to obtain a converged result. Converged solutions required about  32 hours of 
CPU time on a 2.4 GHz Intel(R) Xeon (R) 8 processors machine.  
To check grid independence, two indicators which are critical with regards to spray cooling systems 
were selected to be compared for the different grid sizes investigated. The selected quantities were: 
air mean temperature along the duct and total water mass evaporated into the channel. The grid 
independence test found that there were no significant variations in the predictions of three grid 
sizes: 10│2.5, 9│2.25, 15│1.87. The mean air temperature predictions along the duct deviated by 
less than 0.04˚C and the total mass of water evaporated along the duct was less than 3 x 10-5 kg. 
Thus, the grid 15│1.87 with 2941225 cells was selected for further computations. This grid results 
in 4710259 cells in the whole domain with 10 m grid length. The resulting grid of the whole domain 
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with cell size of 15 mm for the entire domain and cell size of 1.87 mm for cells in the refinement 
region near the injection area is shown in Figure 4-3.  
         
Figure 4-3 Computational grid of the grid 15│1.87  
In addition, a sensitivity analysis was conducted in order to evaluate the effect of changing some of 
the important numerical parameters on model accuracy, in particular, the effect of changing the 
number of parcels used in the spray distribution. The air mean temperatures along the duct were 
obtained using injections with four different numbers of parcels to describe the spray: 400, 600, 
1100, 1200 parcels. It was found that the predicted average air temperature varied by less than 
0.047˚C when the number of injected parcels increased from 400 to 1200. This analysis illustrated 
that 400 parcels is adequate to describe the spray accurately. 
4.9 Model verification using single droplet evaporation  
There is a lack of validation cases for spray plumes containing droplets having diameters less than 
100 µm. Thus no validation data exists for the code when predicting evaporation of multiple 
droplets. However empirical models are available for single droplet injection. Ranz and Marshall 
[52] studied the evaporation of a single water droplet in still dry air experimentally. Ranz-Marshall 
correlation is implemented in Fluent. Hence, to verify the internal consistency of our model, the 
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injection of single droplets was simulated. For matching starting and ambient conditions (Tdb=24.9 
˚C and Twb=9.11 ˚C), the results for 20 µm and 50 µm droplet diameters as well as the 
corresponding empirical predictions are shown in Figure 4-4 using equation (3-19). The results 
showed that the numerical model slightly overestimates the evaporation rate of the empirical model. 
The CFD model correctly captured the evaporation rate of the single droplet, thereby verifying our 
modelling approach.  
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Figure 4-4 Comparison of single droplet evaporation between the present numerical simulation and Ranz and Marshall 
Model [52] 
Verification data for the CFD model will be obtained from experimental investigations in a wind 
tunnel test rig of the same geometry and operating conditions as described in Chapter 5. Due to the 
importance of the accuracy of the representation of nozzle initial characteristics in the simulation in 
order to be validated with the experiments, special focus will be given to the nozzle representation 
into the simulation. Spray performance has been evaluated numerically in the literature with 
different approaches for prescribing the initial spray characteristics in order to provide realistic 
initial spray characteristics. However, at this stage, droplets with a uniform hollow-cone droplet size 
distribution are injected into the airflow at one single injection location in order to identify the 
effect of major spray characteristics parameters on droplet evaporation and spray cooling efficiency. 
4.10 Single size distribution injection analysis 
In this section, the distribution of the water droplets inside the duct and the resulting air cooling due 
to spray injection obtained from the CFD model for a number of uniform hollow-cone single 
droplet size distribution at various inlet air velocities and under a hot and dry ambient condition are 
presented. The droplet transport, the droplet evaporation, and the resulting cooling of the air are 
investigated. The droplet size requirements to achieve full evaporation are investigated for typical 
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NDDCTs inlet air conditions. The impacts of droplet size and air velocity on droplet evaporation 
and air cooling performance are characterised. 
4.10.1 Air cooling performance 
The air temperature and the equivalent mass fraction of water vapour profiles at various distances 
across the duct obtained for various droplet sizes (20, 35, 50 µm) and air velocities (1, 2, 3 m/s) are 
discussed. The temperature and mass fraction of water vapour distributions contours are illustrated 
in Figures 4-5 and 4-6, coloured by their local temperature and water vapor contents. Air enters the 
duct at a temperature of 40˚C and relative humidity of 40% for all cases. It can be noted that due to 
droplets evaporation, a significant cooling effect resulted and a drop of temperature from 40˚C to 
28˚C (wet-bulb temperature) was attained in regions where droplets were travelling.  
Non-uniform temperature distributions existed in the longitudinal and transversal directions of the 
duct. From Figures 4-5 and 4-6, it can be seen that there were large differences in the temperature 
and mass fraction of water vapour. While maximum cooling was achieved in the centre of the spray 
plume where droplets were highly concentrated, lower cooling levels were achieved at the outside 
of the plume. This was a consequence of droplets trajectories. Small droplets are restricted by the 
air velocity to move in a small coverage area due to their low inertia. One of the issues that emerge 
from Figures 4-5 and 4-6 is nozzle placement. Due to this circumstance, non-uniform cooling 
existed in the duct where a large portion of the duct (~50% by area) was not affected by spray 
injection. Comparison between the areas weighted average temperature values across the duct for 
the whole cross section of the duct and for only the spray plume cone area is plotted in Figure 4-7. 
It was apparent that more nozzles were required to cover the full duct area. There was a significant 
difference in the average temperature between the two illustrations. The average temperature was 
approximately 35.3˚C considering the whole cross section while cooling to about 32˚C was 
achieved if we consider only the spray plume cone area. This puts emphasis that an effective 
application must be designed ensuring an appropriate nozzle arrangement in order to reach an 
efficient uniform cooling.  
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Figure 4-5 Air temperature (˚C) profile at various distances across the duct (20 µm and 2 m/s)  
 
Figure 4-6 Mass fraction of water vapour (kg/kg) profile at various distances across the duct (20 µm and 2 m/s) 
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Figure 4-7 The weighted average temperature (˚C) along the duct for the whole duct and the spray plume cone area 
 
4.10.2 Droplet transport and evaporation 
The droplet trajectories obtained from the numerical model for 20 µm droplet size spray at 2 m/s air 
velocity are shown in Figure 4-8, coloured by residence time. The calculated droplet trajectories 
demonstrate why the air was cooled most in the lower half-region of the duct. From Figure 4-8, it is 
evident that droplets were airborne in the duct until reaching the outlet or impacting the bottom of 
the duct. Furthermore, due to small droplet sizes tested in which droplets have low momentum 
compared to the air momentum (low Stoke number); droplets followed the airflow direction very 
rapidly in a short distance. This resulted in droplets dispersed in a narrow spray shape, which affect 
the evaporation rate and uniformity in the air cooling process. It can be noticed that droplets 
travelled slowly to the bottom wall due to gravitational effect.  
 
Figure 4-8 Registered droplets trajectories across the duct (20 µm and 2 m/s) 
Residence time 
(s) 
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The predicted normalized mass fraction change of water droplets along the duct for different droplet 
sizes and air velocities are presented in Table 4-4. Interestingly, data from this table shows that 
although droplet sizes in this study were very small along with sufficient residence time, there was 
no complete evaporation in any case. The maximum evaporation was about 81% for droplet size of 
20 µm and air velocity of 1 m/s. 
Table 4-4 Predicted normalized mass fraction change of water droplets along the duct  
Droplet size Air velocity 
% of water 
evaporated 
% of water at 
outlet 
% of water 
impacted walls 
20 micron 
1 m/s 80.7 5.3 13.9 
2 m/s 70.0 25.4 4.6 
3 m/s 53.0 47.0 0.0 
     
35 micron 
 
1 m/s 71.4 3.3 25.3 
2 m/s 63.1 22.1 14.8 
3 m/s 51.0 48.3 0.8 
     
50 micron 
 
1 m/s 57.1 0.3 42.6 
2 m/s 57.1 10.1 32.8 
3 m/s 52.9 43.0 4.0 
4.10.3 Insight into spray cooling process 
Insight into the impact of droplet size and air velocity on droplet evaporation and air cooling 
performance was obtained. Influence of droplet size and air velocity on spray cooling process was 
investigated for various uniform hollow-cone single droplet size distributions (20, 35, 50 µm) at 
various inlet air velocities typical for natural draft cooling towers (1, 2, 3 m/s) under a hot and dry 
ambient condition (Ta = 40˚C and RH = 40%). 
4.10.3.1 Effect of droplet size  
Figure 4-9 shows the predicted normalized mass fraction change of water droplets along the duct 
for different droplet sizes. The mass fraction evaporated, the mass fraction in droplet form reaching 
the duct outlet, and the mass fraction hitting the walls are plotted as a function of position along the 
duct. The minimum evaporation was 51% of the injected water for 35 µm and 3 m/s air velocity. 
The smaller the droplet diameter was, more evaporation and consequently more air cooling were 
observed. For instance, at 1 m/s air velocity, total mass evaporated for 20 µm droplets was 
approximately 81% while it was 57% for 50 µm droplets. Although the overall evaporation 
fractions were lower because of the lower residence time, the tendency of smaller droplets to 
evaporate faster was also observed at 2 m/s air velocity. Smaller droplets evaporate faster because 
they provide more surface area per unit volume than larger droplets and evaporation only occurs at 
the water/air interface. Evaporation rate per unit volume of droplets in gaseous media is related to 
the square of the droplet diameter and increases rapidly when droplet diameter is decreased [104].  
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In contrast to the results of 1 and 2 m/s air velocity, the total mass fraction evaporated at 3 m/s air 
velocity was independent of droplet size, as can be seen in Figure 4-9 (c). Assuming each droplet 
behaves independently, smaller droplets are more efficient than larger droplets in air spray cooling. 
However, owing to the fact that larger droplets have a higher inertia to drag ratio, they tend to 
penetrate the flow deeper. Thus large droplets produce a larger plume. This outcome is more 
pronounced the higher the speeds.  At 3 m/s, the effect of droplet size on evaporation is balanced by 
the effect of penetration on evaporation. This conclusion is in agreement with Tissot [43] findings 
which had higher evaporation at larger droplet diameter under the same operational condition. 
4.10.3.2 Effect of air velocity 
Air velocity had a large influence on droplet trajectory and evaporation efficiency. The effect of air 
velocity was investigated comparing three air velocities (1, 2, 3 m/s) for three droplet sizes under 
the same ambient condition. Figure 4-10 shows the predicted normalized mass fraction change of 
water droplets along the duct for different air velocities. The mass fraction evaporated, the mass 
fraction in droplet form reaching the duct outlet, and the mass fraction hitting the walls are plotted 
as a function of position along the duct. We can see from this figure that air velocity had a 
significant influence. For instance, for 20 µm droplet size spray, total mass evaporated at 1 m/s air 
velocity was about 81% while it was 53% for 3 m/s. This is caused by droplet velocity and air 
velocity being equal along the duct except for a short time at the beginning. Thus, lower air velocity 
means longer travelling (residence) time, therefore, better evaporative cooling efficiency. However, 
due to gravitational effect, falling rate per unit length is higher for lower velocities which make 
droplets fall out quicker than higher velocities. Hence, there is a clear trade-off between droplet size 
and air velocity. 
In addition, it can be seen from Figure 4-10 that for 20 µm droplet size spray, more evaporation was 
experienced when the velocity was lowered where the residence time increased. Moreover, this 
trend was observed for 35 µm droplet size spray with less significant influence. In contrast, the 
predicted evaporation efficiencies of 50 µm droplet size sprays at the air velocities (1, 2, 3 m/s) 
were nearly the same. In fact, results of 50 micron droplets at air velocity of 1 and 2 m/s were not 
consistent as a large portion of the water hits the ground and then terminated from the calculation. 
This is because larger droplets has greater falling rate compared to small droplets which causes 
droplets reach the ground faster. 
The data in Figures 4-9 and 4-10, particularly at the lower air speeds, show that the rate of 
evaporation reduced with distance along the duct. A similar trend was also observed for the 
temperature data (Figure 4-5). This is due to the fact that inside the region where droplets are 
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present, the humidity has increased near 100%. This is a combined effect of evaporation and 
localised temperature reduction. Based on Figure 4-9, it can be concluded that for 1 m/s, no 
significant further evaporation took place after 7 m, for all the investigated droplet sizes. This was 
most pronounced for 20 µm diameter droplets. In contrast at 3 m/s air velocity, the rate of 
evaporation has not yet levelled-off at 10 m, suggesting that longer ducts would enhance 
evaporation.  
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Figure 4-9 Plots of predicted normalized mass fraction change of water droplets along the duct for different droplet sizes  (a) 
Va = 1 m/s, (b) Va = 2 m/s, (c) Va = 3 m/s 
(Solid Square) represents mass fraction reaching the outlet, (solid circle) represents mass evaporated, and (solid triangle) represents 
mass hitting walls 
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Figure 4-10 Plots of predicted normalized mass fraction change of water droplets along the duct for different air velocities  
(a) Dd = 20 µm, (b) Dd = 35 µm, (c) Dd = 50 µm 
 (Solid Square) represents mass fraction reaching the outlet, (solid circle) represents mass evaporated, and (solid triangle) 
represents mass hitting walls 
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4.11 Conclusion 
In this chapter, a 3D Eulerian-Lagrangian CFD model was developed for evaporating water sprays. 
Numerical experiments were used to demonstrate solution independence from grid and solver 
setting parameters. An empirical single droplet evaporation model was employed to verify the 
numerical model. Additionally, a numerical investigation of droplet transport, droplet evaporation, 
and the resulting cooling of the air in a rectangular duct was conducted for a range of inlet air 
conditions and using a uniform single droplet size distribution. The impact of droplet size and air 
velocity on evaporation and transport of droplets, and air cooling performance were characterised.  
The main conclusions from this numerical investigation are: 
(1) In the range of droplet sizes and air velocities studied, a significant cooling performance was 
achieved. In the droplet saturated region an average temperature reduction of 8.1˚C was achieved, 
while across the duct an average temperature reduction of 4.8°C was achieved.  
(2) The simulations showed that within the 1x1m duct, the single nozzle only provided cooling in 
the lower half-region. Correct nozzle arrangement is essential to ensure effective cooling. 
(3) Air velocity played a significant role in droplet transport and evaporation. At high air speeds, 
large droplets performed as well as small droplets. While at low air speeds, small droplets 
performed 25% superior than large droplets. 
(4) Due to the compromise effect of momentum exchange and evaporation rate, there is a trade-off 
between droplet size and air velocity and resulting plum dispersion. This must be considered to 
identify optimum droplet size. This effect explains the similar performance of small and large 
droplets mentioned in (3). 
Verification data for the CFD model, obtained through experimental studies in a wind tunnel test rig 
of the same geometry and operating conditions is described in chapter 5. 
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Chapter 5 Experimental Study 
This chapter describes the experimental investigation of inlet air pre-cooling with water sprays 
aimed to enhance the performance of Natural Draft Dry Cooling Towers during high ambient 
temperature periods. The purpose of this experiment is to investigate the spray behaviour 
experimentally for a range of inlet air conditions and a number of spray characteristics on a wind 
tunnel test rig simulating NDDCTs inlet flow conditions. Furthermore, to provide a reference data 
for the evaluation and validation of the developed Eulerian-Lagrangian 3D CFD model for 
evaporating water sprays as there is a lack of validation cases for evaporating water spray plumes 
with small size distribution (Dv90≤ 100 µm) [20]. 
Spray is a two-phase flow phenomenon and experience several actions when injected into air 
including heat, mass and momentum transfer. Experimental approaches with two-phase flow 
involving droplet dynamics are costly and challenging methods. Moreover, variation of the spray 
characteristics parameters may not be possible with the available nozzles or may be very expensive 
and time consuming, e.g. small droplet size distribution and high flow rate. However, experimental 
approaches are unavoidable options for many reasons. First, they provide a basis for numerical 
modelling validation. Second, they reveal explanations for some of the physical phenomenon. 
In this chapter, the experimental design, apparatus, instrumentation, measurement techniques, and 
test procedures are introduced. Then, the experiments results of spray characterisation, droplet 
transport and evaporation, and spray cooling performance are presented. This chapter is based on 
the published journal paper (Paper.2). The chapter expands on the paper content, as a large piece of 
information was missing on the published paper. This chapter serves to fulfil the research objectives 
1, 5 and 7 of this study. 
For the experiments, an open-circuit wind tunnel test rig located at the University of Queensland 
(Gatton Campus) was employed as an approximation to the inlet flow environment in a Natural 
Draft Cooling Tower to carry out the spray cooling tests. Figure 5-1 shows a computer model and 
Figure 5-2 shows a photo of the wind tunnel. The wind tunnel setup and associated instruments 
utilized in this experiment are illustrated in Figure 5-3. 
5.1 Experimental design 
The wind tunnel test rig consists of an air system, a water system, a spray system, a test section and 
a laser instrumentation system equipped with a traverse system. It has been built, designed and 
instrumented to deliver the following requirements: 
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Wind tunnel test rig: 
 The dimensions of the wind tunnel should be large enough to represent a sprayed section in 
a NDDCT and should be large enough to let the spray evolve. 
 Capability to provide a uniform air velocity profile throughout the working section. 
 Capability to accommodate different nozzle types at various nozzle heights. 
 Capability to change nozzle after each test with an easy access. 
 Capability to visualize and characterise the spray during the experiment through the working 
section walls using the Phase Doppler Particle Analyser (PDPA) and the high speed 
photography system. 
 Capability to dry up the working section after each test. 
 All equipment utilized should be able to work at high water pressure (up to 20 MPa) and 
different air operating conditions (Ta= 10 - 50 ˚C). 
Air system: 
 Supply a uniform air flow and controlled velocities. 
 Capability to control air temperature during each test case (± 0.5 ˚C). 
Water system: 
 Supply pressurized water (up to 20 MPa) to the spray nozzles at a controlled flow rate 
depending on the airflow ambient conditions. 
 Collect the unevaporated water and return it to the secondary water tanks. 
 Supply clean water to the spray nozzles. 
Measurement systems 
 Capability to characterise droplet and velocity distribution of water spray after breakup. 
 Capability to detect droplets trajectories and monitor droplets evaporation at the far field of 
the working section. 
 Capability to measure the local air temperature and relative humidity along the working 
section. 
 Intrusion or distraction from all instruments must be imperceptible. 
 Movement of Laser equipment must not disturb experiment. 
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 Figure 5-1 Computer model of the wind tunnel 
 
Figure 5-2 A photo of the wind tunnel at the University of Queensland (Gatton Campus) 
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Figure 5-3 Schematic diagram of the wind tunnel incorporated with a spray nozzle and PDPA system (NTS). 
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5.1.1 Experimental Rig Set-up 
The tunnel overall length is 10 m with test section dimensions of 1 m height, 1 m width, and 5.6 m 
in length. The dimensions are large enough to represent an NDDCT inlet section to be sprayed by 
one nozzle. The rig is in horizontal arrangement to predict spray behaviour operated horizontally. 
Throughout the experiment, the air is drawn into the tunnel through a variable speed centrifugal 
blower fan then passes through a diffuser with four perforated metal plate screens. A subsequent 
honeycomb (19 mm diameter and 50 mm width) and four woven nylon screens eliminate flow 
eddies and provide a uniform air velocity profile to the working section. In the working section, one 
nozzle is installed and directed horizontally in a co-current direction (air and water moving in the 
same direction) at a height of 0.6 m and 0.55 m downstream from the contraction cone to avoid 
non-uniformities in the airflow. Thus, the mixing is accomplished in this section. The wetted air is 
discharged via a fan through an exhaust section and air scrubber. Fallen water is drained into two 
sumps placed at the middle and end of the working section. The test section side walls are made of 
transparent acrylic to allow visualization of the water spray as well as giving access to the PDPA 
system and the photography system. Moreover, the test section side walls are removable to allow 
nozzle replacement. 
5.1.2 Air System 
Air entering the wind tunnel is drawn directly from the atmosphere after passing through air filters. 
The air is provided via a variable speed centrifugal blower fan powered by a 75 kW electric motor 
(Figure 5-4 (a)). The electric motor is equipped with a digital frequency controller to accurately 
control motor speed in the range 15-1650 rpm (Figure 5-4 (b)). In order to supply the controlled 
inlet air for the tunnel at the desired level of temperature and humidity, a 24 kW air heater upstream 
of the fan inlet was employed (Figure 5-5). The temperature is controlled to avoid fluctuation due to 
seasonal changes. The air heater is capable of providing about 5 ˚C increases at 3.5 m/s air velocity. 
The heater size was one of the limitations on the experiment as some of the desired inlet conditions 
couldn’t be obtained with high air flow rates.  
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Figure 5-4 (a) the centrifugal blower fan (b) the digital frequency controller 
  
Figure 5-5 The 24 KW air heater system 
5.1.3 Water System 
The water system used in this experiment is shown in Figure 5-3. It consists of three joined water 
tanks (one main tank and two auxiliary tanks) (Figure 5-6 (a)), a high pressure water pump (Figure 
5-6 (b)), a recirculation pump, the spray nozzle and associated high pressure piping. During the 
experiment, filtered water is pumped from the main water tank to the spray nozzles through the high 
pressure piping using a variable speed, high pressure water pump that is capable of pressuring water 
up to 20 MPa and providing flow rate up to 250 g/s. In order to regulate the water pressure 
accurately, a pressure control valve is employed upstream of the spray nozzle. The flow rate 
delivered to the nozzle is controlled by a bypass valve, where excess water is bypassed to the 
auxiliary water tanks. Nonevaporated water that accumulates on the tunnel floor exits through the 
(a) (b) 
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two drains located at the bottom of the tunnel and is returned by the recirculation pump (Figure 5-
3). 
 
Figure 5-6 Water system (a) water tanks (b) high pressure pump 
5.1.4 Spray Nozzle system 
Experiments were conducted using different spray nozzles. Nozzle selection is one of the key 
elements of the experiment. As discussed on the literature, main factors that need to be considered 
when selecting a spray nozzle are: droplet size distribution, flow rate and spray cone angle. The 
selections of appropriate droplet size, liquid flow rate and spray angle are determined by the 
application and the ambient conditions. In this experiment, all of the nozzles used were of hollow 
cone type. This type is widely used in humidifying applications [46]. The spray nozzles which 
could provide the required water flow rate to fully saturate the inlet air with the smallest droplets 
size distribution and widest spray cone angle were selected. 
To select the nozzles, the water flow rate required to fully saturate the inlet air was calculated.  This 
calculation was based on the saturation of the area covered by the nozzle rather than the entire 
tunnel cross section. As shown by the CFD modeling, inlet air conditions and spray characteristics 
affect the coverage area. At the study testing conditions, it has been found that approximately half 
of the 1 m2 cross section at the outlet (4.7 m downstream of the injection point) is influenced by the 
nozzle spray. The nozzle flow rate for each test condition was therefore calculated as the amount of 
water, that if fully evaporated, would achieve full saturation (theoretically) of an air stream flowing 
through an area of 0.5 m2 (section 4.7). From the air mass flow rate along with the inlet air ambient 
conditions (temperature and humidity), the water mass flow rate required to fully saturate the air is 
calculated using the water vapor balance between air and water spray which is given by equation 
(5.1): 
 𝑚?̇? =   𝑚𝑎̇  (𝑤𝑎,𝑜 − 𝑤𝑎,𝑖) (5.1) 
(a) (b) 
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The follow shows a sample of how to calculate the water required based on the inlet air conditions: 
 Va = 3.5 m/s,  Ta = 40 ˚C, RH = 40% and  ρa = 1.14 kg/m
3. According to the previous 
discussion, calculation of the air mass flow is for only the actual coverage area which found to be 
approximately equivalent to a duct with cross section of (approx. 0.7 x 0.7 m2). Therefore we can 
calculate the air mass flow rate from the following equation: 
 𝑚𝑎̇  = 𝜌𝑎  𝑉𝑎 𝐴𝑎𝑐 = 1.9 𝑘𝑔/𝑠 (5.2) 
Values of humidity ratio are obtained using psychometric calculations:  wa,i =
0.0186 kgw kga⁄ and wa,o = 0.0236 kgw kga⁄ . The value of the humidity ratio at outlet is that if 
the air is fully saturated. Thus, the water mass flow rate requirement for 100% saturation of air at 
the presented inlet condition is 9.3 x 10-3 kg/s. 
Nine high pressure hollow-cone nozzles were selected to be tested as promising pressure spray 
nozzles for spray cooling systems in NDDCTs. These nozzles are commercially available and have 
a small drop size distribution, have a wide spray angle, and deliver the required liquid flow rate: 
(10N, 16N and 22N from H. Ikeuchi & Co. Ltd.), (LNN0.6, LNN1.5, and M6 from Spraying system 
Co. Ltd.), (UM150 and UM200 from Bete Ltd.) and (A300 from Steinen Ltd.). The specifications 
of the tested spray nozzles are summarised in Table 5-1. The nine tested spray nozzles are shown in 
Figure 5-7. 
Table 5-1 Tested spray nozzles specifications 
 
 
Nozzle Manufacturer 
Orifice 
diameter 
mm 
Max. 
pressure 
MPa 
Max. flow 
rate 
Kg/s 
D32 
µm 
Dv90 
µm 
LNN0.6 
Spraying system 
Co. Ltd. 
0.406 7 0.0033 28 70 
LNN1.5 0.508 7 0.0086 35 90 
M6 1.06 7 0.034 60 150 
10N 
H. Ikeuchi & Co. 
Ltd. 
0.25 10 0.0034 33 - 
16N 0.35 10 0.0055 37 - 
22N 0.4 10 0.0076 40 - 
A300 Steinen Ltd. 0.7 3.44 0.01 - Dv50=40-60 
UM150 
Bete Ltd. 
0.5 8 0.008 - 65 
UM200 0.55 8 0.011 - 73 
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Figure 5-7 Tested spray nozzles 
5.2 Apparatus and instrumentations 
The following parameters were measured during the experiments: (i) air temperature, (ii) air 
humidity, (iii) air velocity, (iv) spray droplet size distribution, (v) spray velocity distribution, (vi) 
spray water pressure, (vii) spray water flow rate, (viii) spray cone angle and (ix) spray breakup 
length. This section presents the instruments used for measuring these parameters. Locations of 
sensors are illustrated in Figure 5-8. All of the devices were calibrated before carrying out 
experiments. Details of the instruments are given in Table 5-2. In Table 5-2, contraction cone refers 
to the working section inlet 550 mm upstream of the nozzle. 
 
Figure 5-8 Schematic diagram of wind tunnel and layouts of sensors (NTS) 
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A300 UM150 - UM200 
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Table 5-2 Sensors Details 
Parameter 
measured Instrument Model 
Measurement 
Range 
Manufacturer 
accuracy 
Standard 
deviation 
Measurement 
location 
Air 
velocity 
Velocity 
transmitter 
FMA1001R-V2, 
OMEGA 
Engineering, 
0 - 5.08 m/s 1.5 % F.S. 0.008 m/s 
2 sensors: 550 mm 
downstream the 
contraction  with 
different heights 
from the 
floor (300 mm and 
500 mm) 
 
Air 
temperature 
Transition 
joint-style 
thermistors 
probe 
TJ36-44004-1/8-
xx, OMEGA 
0 - 70 ˚C ±0.2 ºC 
Inlet: 
0.17  ˚C 
 
Outlet: 
0.19 ˚C 
11 sensors: for inlet 
(270 mm 
downstream the 
contraction, 500 mm 
above the tunnel 
floor). For outlet (11 
sensors 4.6 m 
downstream the 
nozzle in a 
measurement grid as 
shown in Fig.44 (b)) 
 
Air 
humidity 
Humidity 
transmitter 
(EE-21-FT6-
B51, Elektronik 
Ges.m.b.H 
0 - 100% 2% RH 
Inlet: 
0.6% RH 
 
Outlet: 
0.9% RH 
4 sensor: for inlet 
(270 mm 
downstream the 
contraction, 200 mm 
above the tunnel 
floor). For outlet (3 
sensors 4.7 m 
downstream the 
nozzle) 
 
Water 
pressure 
Pressure 
sensor 
P1600-3000, 
Pace Scientific 
0 - 20.6 MPA 1% of F.S. 5 KPa 
1 sensor: upstream 
the nozzle on the 
nozzle pipe 
Spray 
droplet size 
and 
velocity 
PDPA 
(Aerometric two 
dimensional 
laser system, 
TSI) 
2.49 - 1050 
µm 
-17 - 60 
m/s 
4% 
1% 
- 
Mounted on a 
traverse system to 
measure at different 
locations. 
5.2.1 Air velocity Measurements 
Inlet air velocity was measured after reaching equilibrium (10 min) with two air velocity sensors 
located at a distance of 550 mm from the contraction cone and 150 mm on the left and right of the 
nozzle with different heights from the tunnel floor (300 mm and 500 mm) to ensure uniformity of 
air velocity (see Figure 5-9). The air velocity sensors were hot wire velocity/temperature 
anemometers (FMA1001R-V2, OMEGA Engineering, INC., Connecticut, and USA). The hot wire 
anemometers were calibrated over a velocity range of 1 to 4 m/s using the Hot-Wire calibrator 
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(Dantec Dynamics, Skovlunde, Denmark). The uncertainty in air velocity measurement is 1.5 % of 
full scale with a working range of 0-5.08 m/s.   
                                                            
Figure 5-9 Air velocity sensors layout (Section A-A in Figure 5-8) 
5.2.2 Air temperature and relative humidity measurements 
The inlet and outlet air temperatures were measured with 13 transition joint-style thermistors probes 
(TJ36-44004-1/8-xx, OMEGA Engineering, INC., Connecticut, USA) with accuracy of ±0.2 ºC. All 
thermistors were calibrated over a temperature range of 10 ˚C to 50 ˚C using the Fluke Field 
Metrology Wells (Series 9142, Fluke Corporation, Washington, USA). For inlet air temperature 
measurement, two thermistors were positioned at a distance of 270 mm downstream the contraction 
cone, 500 mm above the tunnel floor and 350 mm on the left and right of the nozzle.  
For outlet temperature, as the temperature profile is expected to be non-uniform, a grid of 11 
thermistors, positioned at a distance of about 4700 mm from the nozzle with different heights, 
shown in Figure 5-10, was used to capture the temperature distribution. To improve resolution in 
the cooled area, the measurement grid was positioned on the expected cooling area as shown in 
Figure 5-10. The wall temperature is assumed the same as the inlet air temperature due to the large 
cross section of the tunnel. This assumption is in agreement with the CFD predictions previously 
performed. Furthermore, since these sensors cannot measure the dry-bulb temperature when water 
droplets are carried with the air stream, a PVC S-shaped drift eliminator (CF080MAX, CTMS, 
Melbourne, AU) was employed upstream of the thermistors to avoid direct contact of the 
thermistors by unevaporated droplets.  
For air humidity measurements, four humidity transmitters (EE-21-FT6-B51, E+E Elektronik 
GmbH., Engerwitzdorf, Austria) with the range of 0-100 % and accuracy of 2% RH were used. All 
humidity transmitters were calibrated using Fluke 1620A Digital Thermometer-Hygrometer (Series 
1
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500 mm 
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1620A, Fluke Corporation, Washington, USA). One humidity sensor was used to measure the 
humidity of the inlet air and was positioned at a distance of 270 mm downstream the contraction 
cone, 200 mm above the tunnel floor. The other three humidity sensors were used to measure the 
humidity of the outlet air and were positioned after the drift eliminator on the same plane as the 
thermistors. The wet-bulb temperature can be calculated from the measured dry bulb temperature 
and relative humidity.  
  
Figure 5-10 Temperature measurement grid sensors layout (Section B-B in Figure 5-8) 
5.2.3 Water pressure and flow rate 
Water pressure fed to the nozzle was measured using a pressure sensor (series P1600-3000, Pace 
Scientific Inc., Mooresville, USA) with a working range of 0-20.6 MPa and accuracy of 1% of full 
scale. The water pressure sensor was attached to the nozzle pipe directly before entering the 
working section. The pressure sensor is calibrated by the manufacture and was cross checked with 
the gauge pressure sensor reading that is equipped with the high pressure pump over the pressure 
range of the experiment (Figure 5-6 (b)). An electronic pressure control system was installed to 
maintain the supply pressure stable with no fluctuation. 
The actual spray flow rate was determined using a bucket and a stopwatch technique. This 
technique was used instead of a flow meter as it provided a superior accuracy for low flow rates. As 
water feed pressure is the main factor controlling spray flow rate, the measurements were done by 
measuring the water flow rate as a function of the feed pressure. The resulting correlation was then 
used to calculate water flow rate as a function of supply pressure.   
The “bucket and stopwatch” technique set-up is shown in Figure 5-11. During testing, the 
pressurized water flows from the nozzle to a bucket to collect the water. Due to the small droplet 
size distribution, there was a need to cover the nozzle with an empty plastic pipe to avoid mist 
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evaporation or drifting before going to the bucket. Once the pressure was stabilized, the 
measurements were started for two minutes then stopped. Each test was repeated three times to 
ensure repeatability. The resulting pressure-water flow calibrated chart based on average 
measurements, obtained for each nozzle is illustrated in Figure 5-12. 
 
Figure 5-11 bucket and stopwatch technique set-up 
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Figure 5-12 the pressure-water flow calibration chart of the tested nozzles 
5.2.4 Data Logger system 
The wind tunnel test rig is equipped with a data acquisition system (Figure 5-13) connected to a 
computer for collecting, monitoring and saving of measurements data. The signals from the 
temperature, humidity, pressure, velocity sensors and heater throughout experiments are logged on 
a computer by a data acquisition system (UEI DNA-PPC8-1G, United Electronic Industries, Inc., 
Massachusetts, USA) equipped with six I/O channels that read different analog/digital signals. The 
real time data were recorded using the developed user-interface (Figure 5-14) based on LabVIEW 
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software (National Instruments, Austin, TX) at a sample rate of 1 Hz for periods of approximately 
10 minutes after attaining steady state condition. The connection between the data acquisition 
system and the computer is via RS-485 ports by means of the MODBUS protocol. The control of 
the 24-kW electric air heater is conducted through a signal generating module connected to the 
computer. The current signals are sent to the heater controller that converts them to the 
corresponding voltage.  
 
Figure 5-13 the data acquisition system 
 
Figure 5-14 Data acquisition system user interface (LabVIEW software) 
5.2.5 Uncertainty analysis 
The uncertainty was analysed in this study according to the ISO Guide [105]. The calculated 
standard deviation of the sensors measurements from the uncertainty analysis is provided in Table 
5-2. The provided standard deviation is the average deviation over the test range. 
Based on the uncertainties of the experiment measurements, the uncertainty in the cooling 
efficiency were estimated for the tested cases. The accuracy of calculating the cooling efficiency is 
governed by the inlet and outlet condition of the air and in particular the wet-bulb depression (the 
maximum possible temperature reduction) [106]. Two experimental conditions representing small 
74 
 
and large wet-bulb depressions were chosen for the calculation of the uncertainty on cooling 
efficiency with a maximal uncertainty of ±3.71% over the measurement range. The first case is for 
nozzle LNN1.5 with inlet dry bulb temperature of 37 ˚C, inlet wet bulb temperature of 21.4 ˚C and 
outlet dry bulb temperature of 31.2 ˚C representing case 4 in Table 5-6. The estimated cooling 
efficiency uncertainty is ±1.5% with a cooling efficiency of 37%. The second case is for nozzle 
A300 with inlet dry bulb temperature of 26 ˚C, inlet wet bulb temperature of 19.7 ˚C and outlet dry 
bulb temperature of 23.7 ˚C representing case 31 in Table 5-6. The estimated cooling efficiency 
uncertainty is ±3.7% with a cooling efficiency of 36%. 
5.3 Calibration 
Calibration was performed to determine the deviation from accurate (standard) device under the 
conditions in which the experiment were conducted and in order to be adjusted for error correction. 
The objective of calibration is to minimize measurement error, keep a high level of repeatability and 
obtain high accuracy. Having calibrated instruments give more confidence on the measured results. 
Calibration was performed for thermistors, relative humidity sensors, and hot wire anemometers.  In 
this section, methods used to calibrate the thermistors, humidity sensors and hot wire anemometers 
are presented. 
All thermistors used in the experiments were calibrated. Before mounting the thermistors to the test 
section, they were calibrated over a temperature range of 10˚C to 50˚C, using the Fluke Field 
Metrology Wells (Series 9142, Fluke Corporation, Washington, USA). This temperature well 
produces calibration accuracies of ± 0.05 ˚C over a range of -25 ˚C up to 150 ˚C. Figure 5-15 shows 
the calibration set-up of temperature sensors. A 3-point calibration across the relevant operating 
conditions was carried out by placing the thermistors into the constant temperature well. After the 
well temperature and the sensors reached steady state, the readings of the temperature sensors from 
the data logger were compared against the well reference temperature. The temperature well allows 
generating a stable reference temperature. Figure 5-16 shows the calibration data taken for 
thermistors.  
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Figure 5-15 Calibration set-up of temperature sensors 
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Figure 5-16 Calibration data of thermistors 
The relative humidity sensors were calibrated before being mounted to the test section. They were 
calibrated over a humidity range of 57% to 91% using the Fluke Digital Thermometer-Hygrometer 
(Model 1620A, Fluke Corporation, Washington, USA) (Figure 5-17). The calibration was 
performed on three humidity points within the range of the planned operating conditions. Figure 5-
18 shows the calibration data taken for relative humidity sensors.  
 
Figure 5-17 Calibration set-up of humidity sensors 
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Figure 5-18 Calibration data of humidity sensors 
The hot wire anemometers were calibrated before being mounted to the test section. They were 
calibrated over a velocity range of 1 to 4 m/s using the Hot-Wire calibrator (Dantec Dynamics, 
Skovlunde, Denmark) (Figure 5-19). The calibration was carried out placing the hot wire sensor in 
the front of a known free jet velocity. The calibration was performed on seven velocity points 
within the range of the designed operating conditions (1 m/s to 4 m/s). Figure 5-20 shows the 
calibration data taken for hot wire sensors.  
 
Figure 5-19 Calibration data of hot wire sensors 
78 
 
0 1 2 3 4 5
0
1
2
3
4
5
 
 
A
c
tu
a
l 
re
a
d
in
g
, 
m
/s
Hot wire sensor 1, m/s
Y= 0.93 X- 0.28
   R
2
 = 0.999
 
0 1 2 3 4 5
0
1
2
3
4
5
 
 
A
c
tu
a
l 
re
a
d
in
g
, 
m
/s
Hot wire sensor 2, m/s
Y= 0.91 X- 0.26
   R
2
 = 0.999
 
Figure 5-20 calibration data of hot wire sensors 
5.4 Spray characterisation 
5.4.1 Introduction 
The knowledge of spray characteristics is crucial for designing spray cooling systems. It is evident 
that spray characteristics plays a significant role in droplet transport and evaporation, and air 
cooling effectiveness [40, 45]. It is essential to obtain detailed information of spray characteristics 
(droplet size, droplet velocity, cone angle and pattern) for better understanding of droplet transport 
and evaporation, and spray cooling efficiency. Furthermore, in order to validate numerical 
simulations involving particle spray, it is important to obtain actual initial spray characteristics. 
Various numerical investigations showed the importance of the accuracy of  the representation of 
the nozzle initial characteristics in the simulation in order to be validated with the experiments [83]. 
This help deliver appropriate spray injection parameters for the validation of the numerical 
simulation. Furthermore, it is important to obtain spray characteristics at the same operating 
conditions of the experiment as some factors have a considerable effect on spray atomization such 
as Reynolds number [41, 46]. Thus, measurements were conducted under the same operating 
conditions of experiments. Based on this characterisation tests, spray characteristics can be used to 
know the initial spray conditions for the experiments and also for incorporation into the CFD 
model. 
5.4.2 Spray characteristics 
Spray characteristics can be described by drop size distribution, drop velocity distribution, spray 
angle, and spray pattern [46]. The spray characteristics of each hollow cone nozzle used in this 
experiment were measured at different operating conditions. The following is a description of the 
physical parameters in spray characteristics followed by description of the apparatuses used for 
spray characterisation and then how measurements have been conducted. 
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5.4.2.1 Droplet size distribution: 
In practice, droplet size distribution is not uniform and droplets range in size from a few to several 
hundred micron meters. During spray characterisation, various results can be obtained on the basis 
of spray surface area, volume or number. The spray droplet size distribution can be described by 
empirical mathematical functions using the statistical properties of the droplet size distribution [46]. 
Of the theoretical and empirical functions available to describe droplet size distribution in liquid 
sprays, the Rosin-Rammler distribution statistical function is the most widely used [46].  
Furthermore, it is desirable to use average statistical diameters to describe the spray size distribution 
instead of describing the whole distribution. This allows accomplishable comparison between 
different nozzle performances. There are many available mean and representative diameters that can 
be utilized to characterize a droplet size distribution by a single diameter value based on surface 
area, volume, mass, length or number. In spray cooling systems, the Sauter mean diameter (D32) and 
the Dv90 are usually considered as the two most important representative diameters [107]. The D32 is 
related to the contact surface area between the air and the water droplets which affect evaporation 
rate directly as evaporation only occurs at the water/air interface. D32 is expressed as [46]: 
 
3
32 2
i i
i i
N D
D
N D



  (5.3) 
The second representative diameter Dv90 expresses diameter of droplets in which 90% of droplets 
diameters are smaller than Dv90. The Dv90 is of importance for droplet transport as it gives indication 
to the size of the largest droplets within the spray.  
Another representative diameter that is used for spray characterisation comparison and commonly 
used for evaporation applications is the arithmetic mean diameter (D10) [46]. The D10 is the simplest 
average diameter and is the average diameter for all of the droplets in the spray. D10 is expressed as 
[46]: 
10
i i
i
N D
D
N



  (5.4) 
5.4.2.2 Velocity distribution 
Droplet Velocity is a key parameter of the spray characteristics for spray cooling systems analysis. 
The droplet velocity determines the air/droplets momentum exchange and affects to a large extent 
the spray transport and consequently air cooling efficiency. Droplet velocity has a direct effect on 
spray dispersion. Droplets with higher initial velocity have larger momentum and they penetrate 
more into the airflow with their direction before they follow the airflow direction and become under 
the domination of airflow and gravity. As a result, droplets are distributed in a larger area compared 
to droplets with lower velocities. In practice, droplets from high pressure nozzles have high initial 
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velocities. Therefore, knowledge of droplet velocity distribution is an important criterion in 
understanding spray cooling systems analysis. 
5.4.2.3 Spray cone angle 
The spray cone angle is an important parameters in designing spray cooling systems. It is defined as 
the angle between the spray peripheries near the nozzle tip. Spray cone angle is largely influenced 
by nozzle pressure, orifice diameter and Reynolds number [37]. Thus, it must be obtained based on 
the operating conditions. The spray cone angle affects spray transport and consequently air cooling 
efficiency. Similar to droplet velocity, spray cone angle contributes to the spatial penetration of 
droplets in the air flow. For spray cooling systems in cooling tower, wider cone angle is required as 
the inlet area of cooling towers is large which requires hundreds of nozzles. Wider cone angle 
improves spray dispersion into the airflow. 
5.4.3 Apparatus for spray characterisation 
Spray characterisation had been a challenge for decades with several issues such as dense sprays, 
fluid characteristics, measurable size range, high droplet velocity and instruments access [103]. 
Various methodologies and devices have been developed to measure size and/or velocity of droplets 
and each one has its advantages and limitations. A short, but not exhaustive list is: Interferometric  
Particle  Imaging  (IPI), Particle  Image  Velocimetry (PIV),  Phase  Doppler  Particle  Analyser  
(PDPA), planer laser induced fluorescence (PLIF), Shadowgraph, laser diffraction and mechanical 
methods (molten wax, sensitive papers and drop freezing [108]. Optical based drop sizing and 
velocity methods are commonly used. Their advantage comes from the ability of determining the 
spray characteristic without interfering with the flow during measurement. These techniques have 
been utilized previously in spray cooling, gas turbine fogging, spray combustion, coatings, 
pesticides, coal slurry and fire protection applications.  
In this study, a Phase Doppler Particle Analyser (PDPA) and a high speed photography system were 
used for the spray characteristics measurements. PDPA is a well-established laser based non-
intrusive measurement technique with the capability of measuring both size and three components 
of droplet velocity at high accuracy directly and simultaneously.  PDPA provide information about 
the number, size and velocity classes of the spray as it measures one droplet at a time [109]. In this 
experiment, two-dimensional PDPA was used for drop size, velocity measurements, whereas high 
speed photography system was used for cone angle and breakup length measurements. 
5.4.3.1 Phase Doppler particle analyser PDPA 
PDPA principle 
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The PDPA technique is basically based on the use of laser light scattering interferometry. Extensive 
discussion about the principle of PDPA can be found in a number of studies including [110, 111]. 
PDPA system is a one point measurement technique where it measures the droplet size and velocity 
in a small volume. In PDPA, continuous laser sources emit laser beam where each laser beam is 
split into two beams with equal intensity by using beam splitters and frequency modules. The split 
beams directions are modified by the frontal lens of the transmitters and cross each other at the 
focal point of the lens creating an intersection volume knowing as the probe volume as can be seen 
in Figure 5-21. The probe volume contains a fringe pattern (dark and luminous fringes) produced by 
the interference phenomena. Measurements are taken in this volume intersection through this fringe 
pattern. The intersection volume is a function of the optical wavelengths and the angle between the 
beams.  
 
                                  
Figure 5-21 PDPA principle 
As soon as a spherical droplet moves through probe volume formed by the intersecting laser beams, 
it reflects laser light from all beams and creates an optical interference pattern at the luminous 
fringes. A receiving unit equipped with three photo detectors collects the optical interference pattern 
corresponds to droplets moving through the intersection and the off-axes angle of the optical 
receiver to the laser beams. Due to the fringe pattern, the light intensity scattered by droplet 
fluctuates in time. The frequency of the pulsations of light intensity are collected by the receiver 
and sent as electrical signals to the FSA multi-bit digital processor by the use of the photo-detector 
modules (PDM). The FSA processor processes the signals and sends them to the flow analyser 
software. The intensity frequency of the signal is proportional to droplet velocity and used to 
determine the droplet velocity [112]. One photo detector is enough to measure the velocity. In order 
to obtain the three components of droplet velocity, three pairs of beams at different angle are 
required. For droplet sizing, a minimum of two photo detectors is required. In order to measure 
droplet size, the spatial frequency is measured as a phase shift between the two electrical signals 
resulting from the scattered light. Droplet diameter is a linear function of the measured phase shift 
from two different detectors due to the positioning of the detectors. In TSI phase Doppler systems, 
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three separate detectors are used. Thus, two independent measurements of size are obtained. This 
allows for redundancy in measuring size as well as an improved dynamic size range with high 
sensitivity [112]. 
PDPA setup 
The PDPA system is used for droplet size and velocity measurements. The PDPA used in this study 
is an Aerometric two dimensional laser system from TSI, Inc. It consists of 600mW argon-ion laser 
(532, 561 nm wavelength) transmitter probes, an optical receiver, flow size electronic signal 
processor, a 3D-traverse system, and FLOWSIZER software for recording and post-processing data. 
The focal lengths of the laser transmitter and the receiver unit are 750 mm and 1000 mm, 
respectively. The laser beams have a beam separation distance of 50 mm and fringe spacing of 8.55 
µm. Frequency shifting by the Bragg cell is set to 40 MHz. Figure 5-3 is a schematic illustration of 
the experimental set-up with the 2D PDPA system from the top view. Photos of the PDPA setting-
up in the tunnel and a computer model are shown in Figure 5-22. 
Setting up a PDPA to improve the measurement accuracy remains an issue and requires some 
efforts because of the lack of a user-defined guideline to a proper configuration. The evaluation of 
the measurement accuracy in PDPA system is a complex problem as it is dependent on optical 
configuration (scattering angle, laser beams alignment, laser intensity, etc.), spray composition, 
sampling of droplets and data processing [103]. To ensure high PDPA measurement accuracy of 
spray nozzles tested in this study, an optimal optical configuration and processor settings were 
obtained through a number of preliminary tests.  
In this study, the receiving optics of the PDPA system is operated at a scattering angle of 40˚ 
measured from the forward scattering direction of the laser beams to ensure high scattering 
intensities from droplets. The optical configuration of this study allows measuring droplet size in 
the range of approximately 2.49 µm to 1050 µm and droplet velocity in the range of approximately 
-17 m/s to 60 m/s. The measurable range of droplet size and velocity can be controlled by varying 
optical specifications, scattering mode and angle, and beam separation. Optical setup and run 
settings of the PDPA system are summarised in Table 5-3. 
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Figure 5-22 The PDPA setting-up in the tunnel 
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Table 5-3 Optical setup and run settings of the PDPA system 
Optical setup 
Laser Argon-ion 
Wavelength  561 and 532 nm 
Power 600 mW 
Bragg cell frequency 40 MHz 
Focal length of transmitting probe 750 mm 
Focal length of receiving probe 1000 mm 
Beam diameter 2.1 mm 
Beam spacing  50 mm 
Scattering angle  40° 
Receiver aperture  150  µm 
Velocity measurement range -17 to 60 m/s 
Diameter measurement range 2.49 to 1050 µm 
 
Run settings 
PMT 350 V 
Burst threshold 30 mV 
Band pass filter 1-10 MHz 
Signal to noise ratio Med 
Down mix frequency 37 MHz 
Sample size  10000 
Time out  120s 
 
The PDPA was calibrated by the manufacture with uncertainty in the measurement of droplet size 
and droplet velocity estimated at 4% and 1%, respectively [112]. However, Yoon et al. [109] 
reported that the uncertainties in the PDPA measurement of droplet size and droplet velocity were 
estimated at 10-15%.  
Traverse system 
PDPA system is a one point measurement technique where it measures the droplet size and velocity 
in a small volume. To enable approximately sampling the whole spray section, local measurements 
by a number of measurement points at the nozzle breakup length need to be obtained. In order to 
move the PDPA system, it was positioned on a 3D-traverse system as shown in Figure 5-22.  The 
use of the TSI traverse system gives flexibility on moving the PDPA system stepwise in the chosen 
path and recording information at each measurement point automatically. The traverse system is 
equipped with two computer controlled stepper motors. With this system, there is an automated 
traverse in two directions and one manual traverse direction. The horizontal distance along the 
tunnel is traversed manually. Through the traverse program, different scanning program can be set.  
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5.4.3.2 High speed photography system 
A high speed photography system is used for the determination of breakup length and spray cone 
angle of the tested nozzles. While there have been improvements in spray characterisation methods, 
spray characterisation close to the nozzle is difficult as atomization is not complete yet. In spray 
nozzles, atomization or jet breakup takes place in a certain distance away from the nozzle exit 
depending on nozzle type and operating conditions. Experimental spray characterisation is obtained 
as close as possible to the nozzle orifice at the breakup length (the distance between the nozzle exit 
and the location at which atomization starts). Therefore, the breakup length needs to be obtained in 
order to conduct spray characterisation measurements by the PDPA system. 
The high speed photography system used in this study consists of a high speed camera ((Nikon, 
4912 x 7360 pixels), and a 1W continuous laser system to produce a laser light sheet at a 
wavelength of 532 nm positioned perpendicular to the camera vision. The continuous laser system 
provides a laser light sheet for enhancing illumination so the spray can be defined by the camera. A 
high speed still images are taken at the centre of the spray illuminated by the laser sheet (Figure 5-
23). 
5.4.4 Spray characteristics measurements 
5.4.4.1 Spray breakup length and cone angle measurements  
Spray characterisation measurements were taken at the breakup length and were recorded across the 
entire spray plume by several measurement points depending on the spray plume width of the tested 
nozzles. Using the high speed photography system, spray breakup length and spray angle were 
determined over all the experimental conditions.  
Break up lengths and spray cone angles were extracted from the recorded still images using the 
image analysis software “ImageJ”. A typical spray still image from one of the tested nozzles is 
shown in Figure 5-23. The breakup lengths of the tested nozzles ranged from 42 to 81 mm. Spray 
cone angles, defined as the angle between the spray at the edges near the nozzle tip were obtained 
directly from the spray images. The angle is measured as shown in Figure 5-23. The average 
breakup lengths and half cone angles for each nozzle are given in Table 5-4. The spray cone angles 
at the corresponding test condition are shown in Table 5-6. 
86 
 
                                       
Figure 5-23 Typical spray image from the high speed photography system of the nozzle 10N 
Table 5-4 Tested nozzles breakup lengths and half cone angles 
5.4.4.2 Droplet size and velocity measurmnets 
Using the two-dimensional PDPA system, the spatial droplet size and velocity distribution were 
measured. Two series of droplet size and velocity measurements were conducted. In the first series 
of measurement, measurements were taken close to the nozzle to obtain initial spray characteristics 
of the tested nozzles over all the experimental conditions. In the second series, measurements were 
taken 4.7 m downstream of the nozzle to investigate the global spray behaviour experimentally and 
for comparison and evaluation of the developed numerical model at the far field region along the 
tunnel. 
In the first series of measurement, the nozzles initial drop size and velocity distributions were 
obtained. PDPA measurements were conducted at a distance from the nozzle equivalent to the 
tested nozzle breakup length. The spatial spray characteristics were obtained for the 31 tested 
nozzles in terms of vertical and radial location along the horizontal and vertical centre lines. To 
enable approximately sampling the whole spray characteristic, Local measurements at 13 points in a 
measurement grid were carried out as illustrated in Figure 5-24. The PDPA measurements were 
Nozzle Manufacturer 
Orifice diameter, 
mm 
Breakup length, 
mm 
Half cone angle, 
˚ 
LNN0.6 
Spraying system 
Co. Ltd. 
0.406 42 41 
LNN1.5 0.508 50 40 
M6 1.06 81 36 
     
10N 
H. Ikeuchi & Co. 
Ltd. 
0.25 58 28 
16N 0.35 60 34 
22N 0.4 61 32 
     
A300 Steinen Ltd. 0.7 52 45 
     
UM150 
Bete Ltd. 
0.5 49 35 
UM200 0.55 53 44 
Cone angle 
Spray breakup 
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taken along three circles with four points at each circle and one point at the centre to model the 
spray produced by a circular injection (Figure 5-24). The assumption of symmetry allowed 
averaging each four points into one droplet size distribution. The radial separation between points 
was set based on the spray plume width at breakup length and ranged from 10 – 16 mm. At each 
measurement point, measurements are taken for at least 10000 samples or 120 seconds, whichever 
is achieved earlier.  
 
Figure 5-24 PDPA measurement points for spray characterisation at the breakup length 
Various diagrams can be obtained from PDPA results: droplet number and volume distribution, and 
cumulative number and volume distribution. As an example, the droplet number distribution 
histograms of the nozzle (22N -KB nozzle from H. Ikeuchi & Co. Ltd.) at the centre point of the 
spray cross section at the breakup length are shown in Figure 5-25 for different operating pressures 
(0.6, 1.4, 4.6 MPa).  
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Figure 5-25 Droplet number distribution histograms of 22N (H. Ikeuchi & Co. Ltd.) for different operating pressures (0.6, 1.4 
and 4.6 MPa) at the centre point of the spray cross section 
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An area weighted average calculation was performed on the data collected at the 13 points to obtain 
the globally representative values of droplet diameters, D32 and DV90 and droplet velocity, Vd. In 
addition, detailed spray characteristics for three selected nozzles were obtained. These were nozzles 
22N, 10N, and UM150 representing cases 7, 19, 28, respectively in Table 5-6. The spray 
characteristics of these three nozzles selected is used for the validation of our numerical model 
using the experimentally measured spray characteristics as initial boundary condition of the water 
phase by means of our new nozzle representation approach introduced later in chapter 6. 
In the second series of measurement, measurements of droplet size and velocity distributions at the 
far field region along the tunnel of the selected three nozzles were conducted to investigate the 
spray behaviour experimentally and for comparison and evaluation of the developed numerical 
model. The selected three test cases (7, 19 and 28) cover various inlet air conditions and spray 
characteristics. In these three cases, the streamwise development of droplet size and velocity 
distributions were measured along the tunnel at a distance of 3.9 m downstream the nozzle. A grid 
of 33 PDPA measurement points was employed to capture the streamwise development of the spray 
as shown in Figure 5-26. To improve resolution, the PDPA measurement grid was centred on the 
expected high concentration area beginning at y= 100 mm from the ground and continuing to y= 
600 mm with 50 mm step. Droplet size and velocity results at each height were obtained by 
averaging the three measurements obtained at the same height.  
 
Figure 5-26 PDPA measurement points for spray characterisation at the breakup length at the PDPA validation plane at 3.9 
m downstream the nozzle 
5.5 Experimental conditions 
In total, 31 experiments of spray characterisation and air cooling performance tests were carried out 
for different combinations of spray characteristics (droplet size distribution, droplet velocity, 
injection rate and cone angle) and inlet air conditions (velocity, temperature and humidity). Water 
flow rate was adjusted according to the air flow rate and ambient condition to achieve full air 
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saturation theoretically by assuming the process is adiabatic as droplet sizes are small (section 3.1). 
This assumption is acceptable with fine droplets where droplets reach the wet bulb temperature 
promptly after exiting the nozzle [56]. The water is supplied to the nozzle at ambient temperature. 
Inlet air velocities were selected to represent typical NDDCTs operating conditions. Even though a 
heater was used at the tunnel inlet, inlet air temperature and humidity couldn’t be fully controlled to 
meet all test requirements due to the large air flow rate. Different inlet air temperatures and 
humidities have been tested depending on the meteorological condition during testing. Some test 
conditions were repeated to establish the repeatability of the results. 
The current study uses nine commercially available hollow-cone nozzles that have a small drop size 
distribution, have a wide spray angle, and that deliver the required liquid flow rate. Ranges of 
experiment conditions performed in this study for spray characterisation, air cooling performance 
and droplet transport and evaporation investigations are given in Table 5-5 with details of each case 
given in Table 5-6. 
 
Table 5-5 Ranges of the experiment conditions 
Air Water droplets 
Velocity: 1.3-3.5 m/s 
Temperature: 25-37 ˚C 
Relative humidity: 26-59%   
 
Droplet size, Dv90: 47-222 µm  
Temperature: Ambient temperature 
Flow rate: for full saturation of 50% of the 
airflow  
Cone angle: 56˚-90˚ 
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Table 5-6 Experimental conditions
Va m/s 
 
Case Nozzle 
Nozzle 
diameter 
mm 
Inlet air  Inlet water 
 
𝑇𝑑𝑏,𝑖 
˚𝐶 
𝑇𝑤𝑏,𝑖 
˚𝐶  
RH %  Pw MPa 
𝑚?̇? 
l/min 
DV90 
µm 
D32 
µm 
Vd 
m/s 
Half cone 
angle ° 
1.3 
 1 A300 0.7 34 21.6 34.6  0.3 0.16 160 96 7.5 47 
 2 LNN0.6 0.406 35 22.6 36  5.6 0.17 65 45 7.2 41 
 3 10N 0.25 35.3 21.5 30  9.1 0.19 47 31 16.5 28 
 4 LNN1.5 0.508 37 21.4 26  1.4 0.21 99 66 14 41 
 5 22N 0.4 34.5 22.2 35  1.4 0.17 104 69 9.3 33 
 6 UM150 0.5 36 21.6 28  1.3 0.2 122 87 19 32 
 7 22N 0.4 25.1 18.2 51  0.6 0.10 155 99 6 30 
               
2.5 
 8 LNN1.5 0.508 33 20.3 31  4 0.36 80 55 24.6 40 
 9 22N 0.4 33.2 20.5 31  6.3 0.36 77 51 32 30 
 10 16N 0.35 32.8 20.7 34.5  10 0.33 53 34 23 34 
 11 UM150 0.5 31 19.8 34.5  3.4 0.32 86 59 24.5 36 
 12 A300 0.7 32 20 33  0.9 0.34 124 78 13 46 
 13 LNN1.5 0.508 25.5 17.3 44  1.7 0.23 94 65 16.8 40 
 14 UM200 0.55 33.5 22.4 37  2.1 0.32 95 58 19.2 45 
 15 UM150 0.5 26 18.4 47.5  1.7 0.22 111 70 17 35 
 16 M6 1.06 29 20.3 44  0.2 0.25 222 132 7.9 35 
 17 M6 1.06 37.2 21.9 26.5  0.4 0.42 194 117 8.9 35 
 18 A300 0.7 26.7 18.8 48  0.4 0.22 153 91 8.3 46 
 19 10N 0.25 27.8 18.7 43  10 0.25 49 34 16 28 
               
3.5 
 20 22N 0.4 30.2 19.9 38  9.5 0.44 65 42 32 28 
 21 UM200 0.55 35.5 22.1 31.5  6.9 0.63 60 42 32 42 
 22 UM150 0.5 30.6 19.6 36.3  6.7 0.46 82 57 35.3 36 
 23 M6 1.06 34.3 21.8 33  0.55 0.52 182 107 9.2 37 
 24 LNN1.5 0.508 26.3 19.3 52  3 0.30 84 58 22 39 
 25 22N 0.4 25 18 50  4.6 0.31 72 48 24 32 
 26 16N 0.35 29 22.3 59  8.2 0.3 54 37 24.5 33 
 27 16N 0.35 26.5 18.3 46  10 0.35 56 36 25.7 35 
 28 UM150 0.5 26.8 18.2 41  4.2 0.37 85 58 14 37 
 29 M6 1.06 29 20.2 43  0.3 0.36 208 117 8.5 35 
 30 A300 0.7 29 17.8 45  1.1 0.37 116 73 14 44 
 31 A300 0.7 26 19.7 47  1.3 0.41 116 73 14 44 
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5.6 Procedure 
The experiments were implemented in two stages: in the first stage, the aim is to study air cooling, 
droplet transport and evaporation; in the second stage, the aim is to characterise the nozzles. 
For air cooling, droplet transport and evaporation (stage 1),  
 SYSTEM CHECKING 
1- Check the system in whole (fan, pump, nozzle, sensors, PDPA, and heater). 
2- Data acquisition system operating and make sure all sensors are working and aligned properly. 
3- Operate the blower and exhaust fans. 
4- Measure air velocity using the hot wire anemometers upstream of the nozzle. 
5- Adjust the air speed to meet the required air velocity. 
6- Allowing a waiting period of at least 10 min interval to ensure equilibrium is achieved after 
each test increment. 
 SYSTEM INITIAL MEASUREMENT FOR INSTALLING THE SUITABLE NOZZLE 
7- Measure air temperature and relative humidity at the inlet using the thermistors and humidity 
sensors upstream of the nozzle. 
8- Use the heater to increase the inlet air temperature if needed. 
9- A waiting period of at least 5 min interval is allowed to ensure equilibrium is achieved. 
10-  Depending on the operating air condition (Va, Tdb,i, RH), the water flow to be injected is 
calculated. 
11- The suitable nozzle from the available spray nozzles depending on the required flow rate is 
selected and installed. 
12- Adjust the nozzle pressure to set the required water flow using the pressure-water flow 
calibration chart of the selected nozzle. 
13- Operate the water flow system. The water system is turned on to inject water into the working 
section.  
14- Check water pressure. 
15- When all measurement done and are set as required. 5 minutes is allowed before doing 
measurements for stabilization of the system after injecting droplets at the airflow.  
 AIR COOLING 
16- The outlet temperature and humidity are recorded at 10 min interval and logged simultaneously 
using the thermistors and humidity sensors downstream of the nozzle near the tunnel outlet. 
17- To ensure measurement stability, the data are recorded in a 1-s interval  
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18- After each test the fans speed is increased and left operating for 10 min to help drying the tunnel 
for the next experiment. 
 DROPLET TRANSPORT AND EVAPORATION 
19-  PDPA is set up to be able to measure spray characteristics. 
20- At the validation plane (Figure 5-26) during the air cooling experiment, the PDPA is used to 
calculate droplets size and velocity distributions at 33 measurement points. 
21- At each measurement point, measurements are taken for at least 10,000 samples or 120 s, 
whichever is achieved earlier. 
For spray characterization (stage 2),  
 SYSTEM CHECKING 
1. As stage 1 
 SYSTEM INITIAL MEASUREMENT FOR INSTALLING THE SUITABLE NOZZLE 
2. Install the required nozzle to be characterized. 
3. Check the air velocity based on stage 1 test condition. 
4. Repeat steps from 12 to 15 in stage 1. 
 SPRAY CHARACTERIZATION 
5. Calculate the breakup length by using the high speed photography system. 
6. Install the PDPA in the working section at the measured breakup length of the selected nozzle. 
7. Droplet size and velocity distributions are measured at the breakup length (Figure 5-24). At 
each measurement point, measurements are taken for at least 10,000 samples or 120 s, 
whichever is achieved earlier 
All of these steps are done for each test case. The tests are conducted following the test schedules, 
while data are logged by data-acquisition system and then transmitted to a computer. The measuring 
variables during tests are given in Table 5-6.  
5.7 Experimental results 
The results of spray characterisation experiments are presented first followed by droplet transport 
and evaporation results and then results of spray cooling performance. In this section, droplet 
evaporation and cooling effectiveness are quantified in terms of air temperature. The effects of drop 
size distribution, air velocity and spray cone angle on droplet evaporation and cooling effectiveness 
are discussed. A modified cooling efficiency is introduced to distinguish the effect of spray 
dispersion on the cooling effectiveness. 
93 
 
5.7.1 Spray characterisation results 
It is essential to obtain detailed information of spray characteristics for better understanding of 
droplet transport and evaporation, and spray cooling efficiency in the experiments. Furthermore, it 
is important to obtain actual initial spray characteristics that can be incorporated into the CFD 
model in order to validate the model with experimental measurements. Spray characterisation of the 
nozzles were conducted in order to obtain actual initial spray characteristics of the tested nozzles 
under the same operating conditions of experiments. The nozzles droplet size and velocity 
distributions were obtained for all experimental conditions as described in section 5.4.  
Results of the spray characterisation of the tested nozzles over the 31 test cases are summarised in 
Table 5-6. The values of D32, DV90, and Vd are the average of all assumed circles. In the following 
sections, detailed initial spray characteristics is provided for three selected cases covering various 
inlet air conditions and spray characteristics. As mentioned earlier, these three cases were selected 
for the validation of the developed CFD model. These were nozzles 22N, 10N, and UM150 
representing cases 7, 19, 28, respectively in Table 5-6.  
5.7.1.1 Droplet size distribution 
The radial profiles of the D10 (arithmetic mean diameter) and the D32 (Sauter mean diameter) have 
been measured at the breakup length along the centre lines using the PDPA. The measured profiles 
of D10 and D32 of the selected cases 22N (case 7), 10N (case 19), and UM150 (case 28) are 
illustrated in Figure 5-27. The D10 profiles of cases 7, 19 and 28 show a same spray pattern 
practically similar to typical hollow-cone nozzles where small droplets exists near the centre and 
increasing in size towards the spray edge due to droplets inertia. This spray pattern is similar for the 
D32 of all cases. Moreover, the D10 and D32 profiles show reasonable symmetry of droplet size 
distribution along the centre lines at the breakup length. Similar spray pattern were generally 
obtained for most of the cases. 
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Figure 5-27 Experimental radial profiles of the D10 (arithmetic mean diameter) and D32 (Sauter mean diameter) at the 
breakup length along the centre lines (a) 22N nozzle (case 7) (b) 10N nozzle (case 19) (c) UM150 nozzle (case 28) 
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Two different droplet size distribution spray pattern were observed in addition to the typical hollow-
cone nozzle pattern. A typical feature of a hollow-cone nozzle is that small droplets are observed 
near the spray centre and large droplets are observed near the spray periphery. The two pattern 
observed were (1) largest mean droplet size is produced at the middle of the spray plume (2) in the 
second pattern, smallest mean droplet size is produced at the middle of the spray plume. These 
observed droplet size distribution spray patterns are illustrated in Figure 5-28 with the radial 
profiles of the D10 and the D32. The pattern in which mean droplet size is largest at the middle of the 
spray plume was observed in case 26 (16N -KB nozzle from H. Ikeuchi & Co. Ltd.) and is 
illustrated in Figure 5-28 (a). The second observed pattern where the smallest mean droplet size 
exists at the middle of the spray plume is shown in Figure 5-28 (b) and was observed in case 9 (22N 
-KB nozzle from H. Ikeuchi & Co. Ltd.). 
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Figure 5-28 Experimental radial profiles of the D10 (arithmetic mean diameter) and D32 (Sauter mean diameter) at the 
breakup length along the centre lines showing droplet size patterns (a) 16N nozzle (case 26) (b) (b) 22N nozzle (case 9) 
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5.7.1.2 Droplet velocity distribution 
Droplet Velocity is key parameter when investigating spray cooling systems. It has a large influence 
on spray transport and cooling efficiency as it represents the spray momentum. The axial droplet 
velocity has been measured at the breakup length using the PDPA. The measurement points are the 
same as for droplet size measurements. The measured droplet axial velocities are averaged at the 
various radial locations of the spray plume along the horizontal centre line.  
The measured radial profiles of the mean axial droplet velocity, Vdx of the selected cases 22N (case 
7), 10N (case 19), and UM150 (case 28) are illustrated in Figure 5-29. Different velocity 
distribution patterns were observed along the centre lines from the selected nozzles. The spray 
patterns generated by the 22N and 10N nozzles showed a high velocity region near the centre. 
Unlike 22N and 10N nozzle, the velocity distribution of the UM150 nozzle showed that droplets 
close to the spray edge have the highest axial velocity. It can be seen also from Figure 5-29 that the 
velocity distribution is fairly symmetrical about the centre line for the three nozzles. 
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Figure 5-29 Experimental radial profiles of the Vdx (axial droplet velocity at the breakup length along the centre line (a) 22N 
nozzle (case 7) (b) 10N nozzle (case 19) (c) UM150 nozzle (case 28) 
5.7.2 Droplet transport and evaporation results 
Three cases from Table 5-6, covering various inlet air conditions and spray characteristics were 
selected to conduct subsequent measurements. In these cases, the streamwise development of 
droplet size and velocity along the tunnel were measured to investigate the spray behaviour 
experimentally and for comparison and evaluation of our numerical model. These were nozzles 
22N, 10N, and UM150 representing cases 7, 19, 28. Details on the experimental setup are available 
in section 5.4.4 (Figure 5-26).  
5.7.2.1 Mean droplet axial velocity 
Measurements of the mean droplet axial velocity as a function of tunnel height downstream of the 
nozzle at an axial distance of 3.9 m are shown in Figure 5-30. The measurements correspond to 
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three inlet air velocity 1.3, 2.5 and 3.5 m/s. The measurement uncertainty is shown by the error 
bars. 
From Figure 5-30, it can be observed that droplet axial velocity varies at different heights in the 
tunnel. There is a localised increase in droplet axial velocity downstream of the nozzle in some 
regions. These regions are expected to be those where droplets are highly concentrated. This 
phenomenon is confirmed and explored as part of the CFD investigation. It is caused by the 
momentum exchange between airflow and droplets as injected droplets transfer their momentum to 
the surrounding air in a short distance due to air resistance [46]. The momentum exchange is more 
pronounced for small droplets due to the fact that small droplets have a lower inertia to drag ratio. 
Once droplets lose their momentum, they follow the airflow velocity in the spray far field. As the 
air travels forward in the spray far field (far from the nozzle), it starts to spread out and decelerates.  
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Figure 5-30 Droplet axial velocity at different tunnel heights for three air velocities (cases (7, 19 and 28)) 
5.7.2.2 Sauter Mean Diameter, D32 
The droplet evaporation is investigated by considering droplet size development along the tunnel in 
the spray far field. Measurements of the Sauter mean diameter, D32 as a function of tunnel height 
downstream of the nozzle at an axial distance of about 3.9 m are shown in Figure 5-31. The average 
measurements are obtained for the three selected cases (7, 19 and 28). The measurement uncertainty 
is shown by the error bars.  
From Figure 5-31, it can be observed that the Sauter mean diameter increases toward the tunnel 
ground and reaches a maximum near the ground. This phenomenon is observed in both experiment 
and simulation. This arises as large droplets have a higher weight to drag ratio, which makes them 
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accelerate downwards more quickly. This phenomenon is explored in detail as part of the CFD 
investigation. 
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Figure 5-31 Sauter mean diameter, D32 at different tunnel heights for three air velocities (cases (7, 19 and 28)) 
5.7.3 Air cooling results 
To experimentally evaluate the spray cooling performance at different combinations of inlet air 
conditions and spray characteristics, the outlet air dry bulb temperature was measured for all of the 
31 experiments (Table 5-6). The outlet air dry bulb temperature at the tunnel outlet was measured at 
the outlet with different heights using a grid of 11 thermistors for completely mapping of the duct 
cross section as discussed earlier in section 5.2.2 (Figure 5-10).  
Air-dry bulb measurements at the tunnel outlet (4.7 m downstream the nozzle) for all tested cases 
are presented in Table 5-7. In the table, data are given for each measurement point recognized by 
their nozzle names and inlet air conditions. Inlet spray characteristics for each case can be found in 
Table 5-6. As an example, the measured outlet air temperatures for the nozzle type A300 at 
different inlet air velocities (cases 1, 12 and 31) were used to create the outlet temperature contours 
as shown in Figure 5-32. The measurement grid was positioned on the expected cooling area and 
then temperature was extrapolated to obtain temperature of the outside regions in order to predict 
the temperature distribution of the whole cross section. 
It is clear from Table 5-7 and Figure 5-32 that the outlet temperature distribution was not uniform 
and only part of the outlet area is affected by the nozzle spray as indicated by the localised drop in 
temperature. It also apparent from Table 5-7 that more cooling in the lower region is experienced 
for lower air velocity (Va =1.3 m/s). For the 2.5 and 3.5 m/s air velocity cases, the highest cooling is 
near the centre. This is due to droplets falling rate which is discussed later. 
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Figure 5-32 Air temperature distributions in (ºC) in the outlet plane, 4.7 m downstream of the injection point for different 
velocity (1.3, 2.5, 3.5 m/s) for the nozzle type A300 (from Steinen Co. Ltd.).  
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Table 5-7 Measured air dry bulb temperature at the tunnel outlet (4.7 m downstream the nozzle) for all tested cases 
Va 
m/s 
Case Nozzle 
Inlet air  Outlet dry-bulb temperature, 𝑇𝑑𝑏,𝑜 ˚𝐶 
𝑇𝑑𝑏,𝑖 
˚𝐶 
𝑇𝑤𝑏,𝑖 
˚𝐶  
𝑅ℎ 
% 
 Top row (y=600 mm)  Middle row (y=400 mm)  Middle row (y=300 mm)  Bottom row (y=200 mm) 
 Left centre Right  Left centre Right  Left Right  Left centre Right 
1.3 1 A300 34 21.6 34.6  34.0 34.1 34.0  29.5 33.2 28.8  27.0 27.2  27.5 26.9 28.2 
2 LNN0.6 35 22.6 36  35.1 34.9 35.0  27.9 32.7 30.5  24.9 25.5  29.4 25.0 28.1 
3 10N 35.3 21.5 30  33.8 30.2 32.2  27.3 25.3 27.5  24.9 24.4  28.9 24.9 26.8 
4 LNN1.5 37 21.4 26  37.5 37.6 37.2  30.7 36.0 29.4  26.4 26.8  23.7 24.5 26.5 
5 22N 34.5 22.2 35  34.8 34.3 34.7  25.2 31.9 28.8  25.1 25.6  23.9 25.2 27.5 
6 UM150 36 21.6 28  35.9 36.2 35.8  25.7 34.2 26.7  24.8 26.3  26.7 24.3 24.4 
7 22N 25.1 18.2 51  25.2 25.0 25.1  25.1 24.3 25.0  24.1 24.4  25.0 22.9 24.7 
                     
2.5 8 LNN1.5 33 20.3 31  33.3 29.8 33.2  28.1 21.9 29.9  21.2 21.5  27.1 22.2 30.3 
9 22N 33.2 20.5 31  30.3 25.2 31.6  25.7 21.5 30.4  22.5 24.5  29.5 26.3 31.7 
10 16N 32.8 20.7 34.5  29.0 24.1 31.4  25.9 21.5 28.9  23.3 26.1  31.3 28.9 32.2 
11 UM150 31 19.8 34.5  31.4 25.1 29.8  29.4 20.5 25.6  23.4 21.2  30.4 27.1 29.5 
12 A300 32 20 33  32.2 29.5 32.1  31.3 21.3 29.9  25.5 23.8  29.6 28.2 29.2 
13 LNN1.5 25.5 17.3 44  25.3 22.9 24.8  23.9 18.5 24.4  18.2 18.2  22.9 18.5 23.9 
14 UM200 33.5 22.4 37  34.0 28.7 33.9  31.6 23.0 30.3  24.6 27.5  32.7 30.4 32.3 
15 UM150 26 18.4 47.5  26.3 23.6 26.0  26.0 19.1 25.1  21.5 19.3  25.4 22.9 24.9 
16 M6 29 20.3 44  29.7 28.7 29.5  29.8 25.2 29.4  25.8 24.9  29.3 25.4 29.0 
17 M6 37.2 21.9 26.5  36.9 34.6 37.2  36.8 27.6 36.7  28.8 28.4  35.8 31.7 35.4 
18 A300 26.7 18.8 48  25.9 24.8 25.9  25.7 20.2 25.7  22.9 22.1  25.3 23.7 25.1 
19 10N 27.8 18.7 43  27.8 20.9 25.7  25.9 19.3 23.7  22.9 20.8  27.6 25.5 26.9 
                     
3.5 20 22N 30.2 19.9 38  28.5 22.5 29.6  26.4 22.6 30.7  25.1 28.6  30.7 29.5 31.4 
21 UM200 35.5 22.1 31.5  35.5 24.8 30.5  33.6 22.7 29.7  29.7 26.8  35.3 33.2 34.6 
22 UM150 30.6 19.6 36.3  29.7 20.6 27.2  28.3 20.5 27.0  26.1 25.8  29.9 28.7 29.8 
23 M6 34.3 21.8 33  33.5 29.3 33.8  33.3 25.1 33.4  30.3 30.1  32.6 31.7 32.5 
24 LNN1.5 26.3 19.3 52  26.6 22.2 26.9  25.4 19.7 26.5  21.7 23.7  26.2 25.3 26.3 
25 22N 25 18 50  25.4 19.3 25.3  24.2 18.7 25.3  21.9 23.7  25.3 24.5 25.2 
26 16N 29 22.3 59  26.7 22.8 28.9  27.0 22.8 28.5  25.2 26.9  28.9 28.2 29.1 
27 16N 26.5 18.3 46  23.9 19.1 25.4  23.0 19.0 24.7  21.1 23.1  25.7 25.0 25.8 
28 UM150 26.8 18.2 41  26.9 19.4 25.9  26.3 19.0 25.6  24.7 23.1  26.1 25.4 26.0 
29 M6 29 20.2 41  29.2 26.9 29.1  29.3 23.9 29.1  27.6 27.5  28.9 27.6 28.8 
30 A300 29 17.8 45  29.6 23.4 29.3  28.9 20.8 28.3  27.3 26.5  28.6 28.0 28.5 
31 A300 26 19.7 47  25.8 21.2 25.4  25.3 18.5 24.9  23.7 23.3  24.9 24.3 24.8 
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5.7.4 Spray cooling performance  
The spray cooling performance is evaluated at different combinations of inlet air velocities and 
droplet size distributions (Table 5-6). The spray cooling performance is evaluated based on the 
outlet air temperature measurements carried out at a distance of 4.7 downstream of the nozzle 
(Table 5-7). In spray cooling system applications, cooling efficiency is generally considered as a 
good indicator in evaluating the performance of evaporative cooling systems. It represents how 
close the exiting air is cooled compared to the maximum possible temperature reduction (wet bulb 
depression). The cooling efficiency of a spray is defined by ASHRAE [113] as the ratio of the 
actual air temperature drop to the maximum possible temperature drop. Consequently, it can be 
expressed as: 
𝜂𝑐 =
𝑇𝑑𝑏,𝑖−𝑇𝑑𝑏,𝑜
𝑇𝑑𝑏,𝑖−𝑇𝑤𝑏
 (5.5) 
where Tdb,i, Tdb,o and Twb are the dry-bulb temperatures of inlet and outlet, and wet-bulb temperature 
of the air, respectively. The global cooling efficiency defined as above and evaluated based on 
average temperatures at the inlet and outlet plane was used to investigate the performance of spray 
cooling system.  
Figure 5-33 shows the global cooling efficiency trend lines for various spray nozzles with different 
droplet sizes and air velocities. Three air velocities are tested and the outlet temperature averaged 
over the whole cross section was used for the cooling efficiency calculation.  We will refer to this as 
the “Global average” and the cooling efficiency based on the global average is referred to as the 
“Global cooling efficiency”. While the global cooling efficiency generally decreases with 
increasing air velocity, there is a cross-over as can be seen in Figure 5-33 between air speeds of 2.5 
m/s and 3.5 m/s for large diameter droplets. Although with 3.5 m/s, the large droplets have a lower 
residence time; higher or similar efficiencies were observed compared with 2.5 m/s. This can be 
explained based on the spray coverage area in the outlet plane, hollow symbols in Figure 5-33. This 
outcome is in agreement with Tissot et al. study [43] which found that spray dispersion (area 
coverage of the spray) is an important parameter affecting spray cooling efficiency as well as 
evaporation rate due to the momentum exchange between the air stream and droplets. 
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Figure 5-33 Global spray cooling efficiency and estimated coverage area ratio at the outlet section, 4.7 m downstream of the 
injection point for different velocities (1.3, 2.5, 3.5 m/s) and different droplet size distributions. (Dashed lines represent the 
fitting curves of the corresponding case) 
To provide a better insight into the relationship between cooling efficiency and droplet size, a 
dispersion factor, defined as the ratio of the actual coverage area to the total area is introduced and 
referred as “coverage area ratio”. The actual coverage area is obtained based on the temperature 
reduction and it is the area where at least 5% of cooling effectiveness is achieved which can be 
obtained with confidence. Figure 5-33 shows that there is a significant difference in coverage area 
between the 1.3 m/s and the other two air speeds. This is due to the fact that, at higher air velocities, 
droplets lose their momentum quicker and penetrate less into the air stream. For the same droplet 
size, as the air velocity increases, the response time for droplets to lose momentum and follow the 
air stream decreases [103]. In addition, it can be seen from Figure 5-33 that the coverage area ratio 
is influenced substantially by droplet size at air speeds of 2.5 m/s and 3.5 m/s whereas the droplet 
size effect is small at air speed of 1.3 m/s. It is clear that only part of the area is affected by the 
nozzle spray as indicated by coverage area ratio. An interesting observation is that for small 
droplets (DV90 < 60 µm), a maximum coverage area ratio is reached in which the effect of air 
velocity on coverage area weakens.  
In order to distinct the effect of spray dispersion on the spray cooling efficiency, a modified spray 
cooling efficiency is defined as in equation (5.6). In this term, only the area experiencing more than 
5% of cooling effectiveness is considered. The 5% threshold was a necessary compromise with the 
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purpose to contain as much cooled area as possible into the efficiency calculation while being 
within the measurement uncertainty of the experiment.  
 𝜂𝑚,5% =
𝑇𝑑𝑏,𝑖 − 𝑇𝑑𝑏,𝑎𝑜
𝑇𝑑𝑏,𝑖 − 𝑇𝑤𝑏
 (5.6) 
where Tdb,i and Twb are the dry, and wet bulb temperatures of the inlet air, respectively. Tdb,ao is the 
average outlet temperature of the area with more than 5% cooling efficiency. The resulting cooling 
efficiency is plotted in Figure 5-34. Effectively this measure indicates the mean cooling efficiency 
within the area that sees spray at L = 4.7 m and experiences a cooling of more than 5%. Using this 
modified efficiency, influence of spray coverage area on spray cooling efficiency is isolated from 
droplet size and air velocity effects. Hence, the number of nozzles required to achieve uniform 
cooling distribution at a certain cross section could be obtained since the effected cooling area is 
known. 
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Figure 5-34 Modified spray cooling efficiency and estimated coverage area ratio at the outlet section, 4.6 m downstream of 
the injection point for different velocity (1.3, 2.5, 3.5 m/s)  and different droplet size distributions. (Dashed lines represent the 
fitting curves of the corresponding case) 
Using this modified cooling efficiency, the effects of droplet size distribution, air velocity and spray 
cone angle on spray cooling performance are investigated. 
5.7.4.1 Effect of air velocity on spray cooling performance 
Air velocity has a large influence on spray cooling efficiency and droplet transport. It affects droplet 
residence time (the time droplets spend before fully evaporated or falling to the ground or reaching 
the outlet section if not evaporated). Furthermore, it affects the droplet dispersion, which determines 
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the coverage area of the spray due to the momentum exchange. By considering the cooling 
efficiency within the spray plume only, as shown in Figure 5-34, the direct influence of air velocity 
on spray cooling efficiency and droplet transport can be investigated. Figure 5-34 shows the 
changes of the modified cooling efficiency against the droplet sizes at three different velocities for 
all experimental conditions. Two consistent trends can be observed across all the air velocities. 
First, as expected, the modified spray cooling efficiency decreases as the air velocity increases. 
Second, due to the residence time influence, the difference between 1.3 m/s and 2.5 m/s cooling 
efficiencies is higher than the difference between 2.5 m/s and 3.5 m/s cooling efficiencies. It can be 
seen from Figure 5-34 that at the same droplet size, the lower the air velocity is, the more cooling is 
achieved. Lower air velocity means longer droplet travelling time for the droplets. Furthermore, 
lower air velocity means larger coverage area because the time for droplets to lose momentum and 
follow the air stream is longer, which results in a better coverage area. These trends are in 
agreement with previous studies [20, 43]. 
In addition, Figure 5-34 shows that due to water evaporation, the spray cooling efficiency  
difference between 1.3 m/s and 2.5 m/s is more than double that between the 2.5 m/s and 3.5 m/s. 
The difference is due to the residence time difference. The droplet travelling time for air velocity of 
1.3 m/s is double that of 2.5 m/s whereas the residence time ratio between 2 m/s and 3 m/s is 
smaller. The average droplet residence time for 1.3, 2.5 and 3.5 m/s of air velocity are 3.88, 1.88 
and 1.3 s, respectively, assuming that droplets follow the air flow immediately. It is important to 
note that the result of 1.3 m/s of air velocity at cold inlet ambient condition (Tdb,i< 30ºC) and large 
droplet size were not included in the analysis as they were not reliable. Droplet falling rate (droplets 
falling to the bottom of the tunnel) per unit length is higher for lower velocities as well as 
evaporation rate is slower for cold inlet air. Hence, droplets fall out and reach the ground quicker 
than higher velocities. Droplets falling out could not be quantified with the available resources in 
our experiment at present. 
5.7.4.2 Effect of droplet size distribution on spray cooling performance 
Another important factor affecting spray cooling efficiency is droplet size. Small droplets provide 
more surface area per unit volume than large droplets and evaporation only occurs at the water/air 
interface. Thus, evaporation  rate  per  unit  volume  of  droplets  in  gaseous  media  is related to the 
square of the droplet diameter and increases rapidly when droplet diameter is decreased [50]. The 
effect of droplet size on the modified cooling efficiency can also be deduced from Figure 5-34. 
Figure 5-34 shows the modified spray cooling efficiency at different Dv90. It is clear from this figure 
that at the same air velocity, the smaller the droplet diameter is, the more evaporation and 
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consequently higher cooling is observed. For instance, at 2.5 m/s of air velocity, the modified 
cooling efficiency for a spray with Dv90=53 µm is approximately 33% while it is only 19% for a 
spray with Dv90=222 µm. This is because the total exposed water surface area between water and air 
flow is larger for sprays with smaller droplets. Therefore, the evaporation rate is higher.  
5.7.4.3 Effect of spray angle on spray cooling performance 
In the range of droplet sizes, air velocities and spray angles studied, it was found that the effect of 
spray angle on the coverage area, which affects the cooling efficiency was indiscernible compared 
to droplet size and air velocity influences. Figure 5-35 shows the coverage area ratio plotted against 
spray cone angle at three different air velocities. In Figure 5-35, size of the bubbles represents 
droplet size (Dv90).  It can be seen that generally, at the same air velocity, small droplets give more 
coverage area and consequently more overall cooling. For instances, at 3.5 m/s and spray angle 
between 70 and 75 degree, a clear trend between coverage area ratio and droplet size is evident, 
whereas no clear relationship between coverage area ratio and spray angle exist. The difference 
between the coverage area ratios was considerable mainly due to the difference into the droplet size 
distribution. This confirms that droplet size and air velocity are the dominant factors affecting spray 
cooling efficiency. Thus, the effect of spray angle is small within the range of nozzles tested. 
                               
Figure 5-35 Spray cone angle and estimated coverage area ratio at the outlet section, 4.7 m downstream of the injection point 
for different velocity (1.3, 2.5, 3.5 m/s) and different droplet size distributions (bubble size represent Dv90=47-222 µm)  
5.8 Chapter summary 
In this chapter, an experimental study of inlet air pre-cooling with water sprays aimed to enhance 
the performance of Natural Draft Dry Cooling Towers during high ambient temperature periods was 
conducted. The purpose of this experiment is to investigate the spray behaviour experimentally for a 
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range of inlet air conditions and a number of spray characteristics on a wind tunnel test rig 
simulating NDDCTs inlet flow conditions. Furthermore, it generates a valuable database for spray 
models validation. The experimental data will provide experimental data for the evaluation and 
validation of the developed Eulerian-Lagrangian 3D CFD model for evaporating water sprays. The 
chapter was structured as follows:  
1. The experimental design, apparatus, instrumentation, measurement techniques, test conditions 
and test procedures were described first. The measured parameters in this experiment were air 
temperature and humidity, air velocity, spray drop size distribution, spray velocity distribution, 
spray water pressure, spray water flow rate, spray breakup length and spray cone angle.  
2. Spray nozzles were characterised for all experimental conditions in order to obtain actual initial 
spray characteristics of the tested nozzles under the same operating conditions of experiments as it 
is essential to obtain detailed information of spray characteristics for better understanding of the 
experiments.  
3. The droplet transport and evaporation, and spray cooling performance were examined for all of 
the experiments that have been carried out. The impacts of droplet size, air velocity and spray cone 
angle on droplet transport and spray cooling performance were also considered.  
4. A modified cooling efficiency was introduced to distinguish the effect of spray dispersion on 
spray cooling performance.  
The limitation of the experiment, especially the lack of ability to change the main spray 
characteristic parameters of the tested nozzles independently prevented a direct comparison of the 
relative effect of the main parameters on spray cooling performance. However, despite this 
limitation, the experiment provides an understanding of the effect of droplet size obtained by 
different types of nozzles along with air velocity on spray performance and air cooling 
effectiveness. Moreover, it generates reference data for CFD models validation. Validation of a 
CFD model that can investigate the direct effect of any critical parameter is presented in chapter 6. 
The main conclusions from this study are as follows: 
(1) The results indicate that spray dispersion is a major factor for the evaluation of a spray cooling 
system in NDDCTs. Although tested droplet sizes were small (50 µm < Dv90 < 220 µm), low global 
cooling efficiencies were observed for the tested conditions. This is due to cooling being restricted 
to a small coverage area within the test section. A practical spray cooling system need to achieve 
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uniform cooling distribution across the targeted area which to a large extent, depend on spray 
dispersion. Spray dispersion is found to be mainly determined by droplet size and air velocity. 
(2) The global cooling efficiency that includes spray dispersion effect showed that for large droplet 
sizes (Dv90 > 200 µm), the cooling efficiency for 3.5 m/s air velocity is similar or better than those 
of 2.5 m/s, despite the 2.5 m/s case having longer residence times. This clearly demonstrates that 
the impact of spray coverage area on the global spray cooling efficiency must be considered when 
comparing cooling effectiveness. This emphasises the importance of nozzle arrangement to ensure 
effective cooling. 
(3) Using the modified cooling efficiency that separates the spray dispersion influence from the 
cooling efficiency, it was confirmed that reduction of drop size distribution and air velocity, is 
directly linked to spray cooling efficiency. For the tested conditions, a linear relationship was 
identified between drop size and cooling efficiency.  
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Chapter 6 Numerical simulation of water spray with a new nozzle 
representation approach  
6.1 Introduction 
In chapter 4, an Eulerian-Lagrangian 3-D CFD model for evaporating water spray was developed 
and validated with single droplet evaporation simulations as there is a lack of validation cases for 
evaporating water spray plumes with small size distribution (Dv90 ≤ 100 µm). In this chapter, the 
developed CFD model is validated against the results of experimental measurements obtained from 
the wind tunnel test rig of the same geometry under the same operating conditions as NDDCTs. 
Spray characteristics measured under the same experiment conditions are incorporated into the CFD 
model for validation.  
Although CFD simulation for water spray performance is a powerful tool, it is a challenging task 
with respect to spray initialization in Lagrangian modeling approaches [114]. The performance of 
spray cooling systems is sensitive to initial injection parameters [20, 115]. Various numerical 
investigations showed the importance of accurate representation of the nozzle initial characteristics 
in the simulation [83]. In such studies, spray performance has been evaluated numerically with 
different approaches for prescribing the initial spray characteristics. However, previous studies have 
failed to take into account radial evolution of size distribution in conjunction with momentum 
exchange at the primary atomization region. In the present study, a new approach for initialization 
of hollow-cone spray characteristics into an Eulerian-Lagrangian numerical modeling using 
experimentally measured initial spray characteristics is introduced using the Rosin Rammler 
distribution function. This allows real nozzles characterised obtained from the experiments to be 
included in the simulation without unduly increasing the complexity of the numerical model. The 
new approach presented in this chapter allows correct accounting for radial evolution of droplet size 
distribution at the breakup length and consideration of momentum exchange between the two 
phases at the primary atomization region. 
The main content of this chapter is presented in the form of a paper submitted for publication in the 
“Applied Thermal Engineering Journal”. The work related in this paper serves to fulfil the research 
objectives 3 and 4 of this Thesis project. It reports the comparison between the developed CFD 
predictions and the wind tunnel experimental measurements for the streamwise development of 
droplet size and velocity, and outlet air dry bulb temperature. It also reports the development and 
validation of a new hollow-cone spray representation method in Eulerian-Lagrangian numerical 
modeling to reproduce the real nozzle behavior using experimentally measured initial spray 
110 
 
characteristics. This chapter also served to reveal some physical effects that influence droplet 
transport and evaporation which are difficult to be captured by experiments. 
6.2 Approach 
This study covers the validation of the developed 3-D CFD model with full scale wind tunnel 
experiments to calculate droplet evaporation and transport, and air cooling. In addition, a new 
technique of nozzle representation in numerical simulation that can reproduce real nozzle spray 
patterns is introduced and validated in this study.  Radial  evolution  of  droplet  size distribution  
and  momentum  exchange  between  the  two  phases  at  the  primary  atomization region are 
considered. 
The 3-D Eulerian-Lagrangian water spray CFD model developed in chapter 4 with spray 
characterisation results and streamwise development of droplet size and velocity, and outlet air dry 
bulb temperature results obtained in chapter 5 were both used for the validation of the CFD model 
with the new nozzle representation approach. Comparisons of droplet transport and evaporation 
have been performed for droplet axial velocity and Sauter mean diameter as a function of tunnel 
height downstream of the nozzle at an axial distance of 3.9 m. Comparisons of spray cooling 
efficiency have been performed for air dry bulb temperatures at 11 points positioned on the 
expected cooling area downstream of the nozzle at a longitudinal distance of about 4.7 m.  
Three cases have been selected for comparison and evaluation of our numerical model with 
different initial spray characteristics under different air velocities and ambient conditions selected to 
represent typical NDDCTs operating conditions. Water flow rate was adjusted according to the air 
flow rate and ambient condition to achieve full air saturation theoretically by assuming the process 
is adiabatic.  
6.3 Paper Content 
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NUMERICAL SIMULATION OF WATER SPRAY IN NATURAL DRAFT DRY COOLING TOWERS 
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ABSTRACT 
Pre-cooling of inlet air with water spray is proposed for performance enhancement of natural draft 
dry cooling towers (NDDCTs) during high ambient temperature periods. Previous experiments 
showed promising results on cooling enhancement using spray cooling. Computational fluid 
dynamics is a good tool for multiphase flow analysis. In this study, an Eulerian-Lagrangian 3-D 
numerical model is used to simulate evaporating water sprays produced by real nozzles. A new 
adaptable method of hollow-cone spray representation into an Eulerian-Lagrangian numerical 
modeling was developed to reproduce the real nozzle behavior using experimentally measured 
initial spray characteristics and taking into account radial evolution of droplet size distribution and 
air/droplets momentum exchange. Experimental measurements from a wind tunnel test rig 
simulating NDDCTs inlet flow conditions have been performed for validation. A Phase-Doppler 
Particle Analyser (PDPA) was used for spray characterisation and to obtain the streamwise 
development of droplet size and velocity. Overall, a good agreement was obtained between 
numerical predictions and experimental measurements for the streamwise development of droplet 
size and velocity, and outlet air dry bulb temperature. An average deviation below 5.3% was 
achieved for all compared parameters. Moreover, the validated CFD model has provided insight 
into the experimental observations of local droplet velocity increase and higher air cooling in the 
lower region. 
Keywords: Spray cooling, Air pre-cooling, Natural draft, Spray representation, Rosin-Rammler 
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1 Introduction 
This paper presents the development and validation of an Eulerian-Lagrangian water spray CFD 
model incorporating experimentally measured initial spray characteristics obtained from the wind 
tunnel measurement using a new nozzle representation method. A good nozzle model is crucial for 
designing an effective inlet air spraying system for performance enhancement of natural draft dry 
cooling towers (NDDCTs). Due to a number of reasons including water consumption restrictions, 
environmental regulations and flexibility of plant site selection [11, 15], air-cooled condensers in 
general, and NDDCTs in particular, are becoming the preferred choice for many power plants 
despite their higher capital costs and the reduced performance at high ambient air temperatures.  
The performance of dry cooling towers can be enhanced on hot days by various techniques [16, 18, 
116], including water sprays.  
In spray cooling, water is distributed into the inlet air to reduce the inlet air temperature by 
evaporative cooling prior to reaching the condensers. This increases the overall cycle efficiency and 
helps the plant recover some of the performance reduction caused by hot ambient temperatures. An 
Nomenclature 
 Surface area of droplet (m2) 
 Water specific heat (J/kg.K) 
 Dd droplet diameter (µm) 
 Sauter mean diameter (µm) 
 Rosin-Rammler mean droplet diameter 
(µm) 
    90% of water volume made up of 
droplets of this size and smaller (µm) 
 Diffusion coefficient (m2/s) 
 E        Internal energy (J/kg) 
 Drag force (N) 
 Gravity force (N) 
 Heat transfer coefficient (W/m2.K) 
 Latent heat of water vaporization (J/kg) 
 Air thermal conductivity (W/m.K) 
 Water flow rate (kg/s) 
 Evaporative species mass flux (kg/s) 
 Pressure (Pa) 
 Rosin-Rammler Fit coefficient 
 Relative humidity (%) 
 Energy source term (W/m3) 
 Mass source term (Kg/m3s) 
 Momentum Source term (Kg/m2s2) 
 T Temperature (˚C) 
 𝑉 Velocity (m/s) 
     Air velocity components (m/s) 
 Mass fraction of species  
Greek symbols 
 Density (kg/m3) 
 
Mean stress tensor (Kg/m2 s) 
 Dynamic viscosity of air (kg/m s) 
 
Viscous dissipation (W/m3) 
 
Subscripts 
a air 
i inlet 
o outlet 
d droplet 
db dry-bulb 
wb wet-bulb 
t time 
i,j         Cartesian coordinate Directions 
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effective water spray design needs to avoid non-uniform cooling distribution and incomplete 
evaporation of droplets. These issues can be avoided and an optimum design can be achieved only 
if the spray cooling mechanisms under these conditions are well understood.  
Due to its simplicity, ease of operation and maintenance, and ease of operation and maintenance, 
spray cooling is becoming more popular due to its simplicity, low capital price, and ease of 
operation and maintenance [20]. Spray nozzles are used to help distribute water into the inlet 
airflow in order to provide a large contact surface area between air-water and to enhance mixing by 
producing very fine droplets. This offers higher evaporation rate and greater air cooling. 
Detailed knowledge on the impact of physical parameters of two-phase flow in spray cooling 
systems is crucial for designing an effective spray cooling system. According to Wells [117], spray 
droplet size is a main parameter that impacts droplet transport and cooling efficiency. Spray cooling 
performance is also strongly influenced by air velocity [20, 40, 45]. Some of the other important 
parameters are: (a) nozzle cone angle, (b) water injection rate, (c) droplet velocity at nozzle exit, (d) 
injection direction, and (e) meteorological condition [19, 26, 40, 43, 45]. 
Although spray cooling system is industrially in use  [3, 4], and a considerable amount of literature 
has been published about cooling inlet air by spray in different practice, mainly gas turbine fogging 
and air conditioning [5, 6], cooling the air entering NDDCTs by water spray is sparse in the 
literature [7, 8]. 
In present work, an Eulerian-Lagrangian 3-D CFD model for evaporating water spray is developed 
and validated against experimental measurements obtained from a wind tunnel test rig under the 
same operating conditions as NDDCTs. Spray characteristics were measured under the same 
experiment condition using a Phase-Doppler Particle Analyser (PDPA) and a high speed 
photography system. A new adaptable method of hollow-cone spray representation in the 
simulation is introduced to reproduce the real nozzle behaviour taking into account radial evolution 
of droplet size distribution and air/droplets momentum exchange at the primary atomization region. 
Therefore, the present model is a good design tool to study the impact of physical parameters on 
spray cooling systems performances using the developed spray initialization approach. 
In the following sections, background literature and the wind tunnel experiment that is used for 
validation of the CFD model is discussed. Then, in section 4, description of the numerical model is 
provided. The new nozzle representation method is then presented in section 5. In section 6, the 
CFD model using the new representation method is validated against the wind tunnel 
measurements.  
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2 Background 
2.1 Spray simulations 
A number of experimental studies [15, 19, 33, 37] and computational fluid dynamics models [5, 33, 
38, 42, 43, 45, 118] have been carried out on spray cooling performance.  Spray is a two-phase flow 
phenomenon and experience several actions when injected into air including heat, mass and 
momentum transfer. Experimental analysis for such complex flow involving droplet dynamics is 
costly and challenging method. CFD is a good tool to analyse the two-phase flow. CFD offers the 
advantage that full-field local data can be obtained which can help understand the process, e.g. local 
increase in droplet flow velocity downstream the nozzle as discussed in section 6.2. In addition, it 
allows the control of physical parameters of the two-phase flow independently which may not be 
possible sometimes with the available nozzles or very expensive and time consuming, e.g. small 
droplet size distribution and high flow rate. CFD also gives more control on boundary conditions. 
However, CFD simulation of water spray flow can be challenging due to strong coupling between 
the two phases and droplet evaporation. Moreover, exact spray initiation into CFD simulation is a 
challenging issue. 
The study of spray behaviour injected into airflow has implications on many engineering 
applications. Several numerical investigations have been conducted on spray cooling systems to 
investigate the effect of physical parameters on spray cooling efficiency and droplet transport. They 
used available experimental spray characteristics with different initiation approach for their spray 
injection. A numerical investigation conducted by Tissot [43] on a small channel associated with 
refrigerating system has shown that there is a trade-off between air velocity and droplet size for 
better spray cooling efficiency due to the compromise effect of evaporation rate and momentum 
exchange. Chaker [6] numerically studied the effect of droplet size on cooling performance and 
efficiency of gas turbine inlet fogging using a single virtual injection. It  was found by Chaker [6] 
that droplet size and residence time are the most important effective parameters on spray cooling 
efficiency.  A computational fluid dynamics model was developed by Wang [42] to study mist 
transport at different fundamental geometries. Effect of droplet size on cooling performance was 
investigated. Actual drop size distribution was implemented into the numerical model with
90 40vD m . However, no information was provided on how spray was injected. In addition, 
Montazeri et al. [45] performed a CFD analysis on cooling performance of a water spray system 
under differ physical conditions. Previous studies related to spray cooling systems used 
experimentally measured spray characteristics with different initiating technique for their spray 
injection. They showed that, within their tested range, inlet air velocity and droplet size distribution 
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are two important parameters in the cooling performance of the system. However, no attempt was 
made in these studies reviewed so far related to spray cooling systems to accurately represent initial 
spray characteristics in the simulation which requires more investigation.  
2.2 Nozzle representation  
Although CFD simulation for water spray performance is a powerful tool, it is a challenging task 
with respect to spray initialization into the Lagrangian modeling approaches [114]. While there 
have been improvements in spray characterisation methods, it is very difficult to accurately predict 
initial spray characteristics with available breakup models [114]. Moreover, break-up models are 
not available for all nozzle types. One of the difficulties arises from the location where initial spray 
characteristics can be measured. Atomization or jet breakup takes place in a certain distance away 
from the nozzle exit depending on nozzle type and operating conditions. Experimental spray 
characterisation is obtained as close as possible to the nozzle orifice at the breakup length (the 
distance between the nozzle exit and the location at which atomization starts). Therefore, the spray 
characteristic at the nozzle tip is not available to be incorporated into the numerical model as initial 
droplet size distribution and injection velocity.   
The performance of spray cooling systems involving particle spray is determined by their initial 
injection parameters [20, 115]. Various numerical investigations showed the importance of the 
accuracy of  the representation of the nozzle initial characteristics in the simulation in order to be 
validated with the experiments [83]. Spray performance has been evaluated numerically with 
different approaches for prescribing the initial spray characteristics.  
One approach was to use uniform droplet size distribution and velocity as initial spray 
characteristics in order to study the impact of different physical parameters on the system 
performance [20]. Another approach was to assume that the breakup process occurs straight at the 
nozzle tip and droplets are formed [83, 119]. With this assumption, the measured spray 
characteristics are averaged and extrapolated back to the nozzle location by adopting theoretical or 
empirical mathematical functions to prescribe the initial spray characteristics. Some studies used a 
single virtual injection back at the nozzle location. The initial spray characteristics were adjusted 
manually to match the predicted spray characteristics at the breakup length with measurements [44, 
109, 120, 121]. A further approach was to inject droplet at a distance where droplets become more 
uniform across the spray plume and move at the same speed [113]. They employed an air jet to take 
into account the disregarded momentum exchange from droplets to air before the injection location. 
Some studies defined the initial spray characteristics with a single circle injection at the breakup 
region by averaging the measured spray characteristics [122].  
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An alternative approach was to define the initial spray characteristics at the breakup length with 
different circles to take into consideration the radial variation of the size distribution within the 
spray plume [123]. While this approach has taken into account the radial variation of droplet size, 
the effect of droplet velocity on the airflow was not taken into account. This ignores the momentum 
exchange between the airflow and the water jet at the primary atomization region. Since there was 
no method to take into account radial evolution of size distribution in conjunction with momentum 
exchange at the primary atomization region, a new technique of nozzle representation in numerical 
simulation is introduced in this study without unduly increasing the complexity of the numerical 
model. Radial evolution of droplet size distribution and momentum exchange between the two 
phases at the primary atomization region are considered. 
3 Experiment 
3.1 Test section 
To represent inlet air flow in a Natural Draft Cooling Tower, an open-circuit wind tunnel located at 
the University of Queensland was employed as an approximation. The tunnel overall length is 10 m 
with test section dimensions of 1 m height, 1 m width, and 5.6 m in length. The test  rig  contains  a  
water  system,  an  air  system,  a  test  section  and measurement systems. Throughout the 
experiment, air is moved into the tunnel then passes through a diffuser with honeycomb, perforated 
metal plate screens and four woven nylon screens to eliminate flow eddies and provide a uniform 
air velocity profile. One nozzle is installed in the centre of the working section and directed 
horizontally in a co-current direction at a height of 0.6 m and 0.55 m downstream from the 
contraction cone to avoid non-uniformities in the airflow. The test section side walls are made of 
transparent acrylic to allow visualization of the water spray as well as giving access to the PDPA 
system and the photographing system. Full detail of the test rig can be found on these studies [115, 
124]. 
Using a variable speed centrifugal blower fan driven by a 75 kW electric motor, air is drawn 
directly from the atmosphere. A digital frequency controller controls motor speed in the range 15-
1650 rpm. To control inlet air temperature, a 24 kW air heater upstream of the fan inlet is available. 
The temperature is controlled to avoid fluctuation due to seasonal changes. The heater is connected 
to a controller, which controls the temperature to ± 0.5ºC.  
The water supply system consists of spray nozzles, a water tank, and high pressure and recirculation 
water pumps. During the experiment, water is pumped from the water tank to the nozzles through 
the high pressure water pump (up to 20 MPa). The flow rate delivered to the nozzle is controlled by 
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a bypass valve. Fallen water is drained into two sumps placed at the middle and the end of the 
working section and is returned by the recirculation pump. 
Experiments were conducted using different hollow cone spray nozzles. This type is widely used in 
humidifying applications. Hollow cone nozzles are employed frequently for several reasons: 
generally, they produce finer droplets compared with full cone nozzles and they provide a better 
contact surface between air and droplets since droplets are discharged at the edge of the cone 
avoiding excessive concentration in the cone centre [46].  
A schematic diagram of the wind tunnel setup and associated instruments utilized in this experiment 
are illustrated in Fig.1. Inlet air velocity was measured upstream of the nozzle with two hot wire 
anemometers. The uncertainty in air velocity measurement is 1.5 % full scale. The inlet and outlet 
air temperatures were measured with 13 transition joint-style thermistors probes with accuracy of 
±0.2 ºC. For inlet air temperature measurement, two thermistors were used upstream of the spray 
nozzle. For outlet temperature, for completely mapping of the duct cross section, a grid of 11 
thermistors was used to capture the temperature distribution. This grid of sensors was positioned at 
a distance of 4690 mm downstream of the nozzle with different heights. To improve resolution in 
the cooled area, the measurement grid was positioned on the expected cooling area as shown in 
Fig.1 (b). To measure outlet air dry-bulb temperature, a PVC S-shaped drift eliminator 
(CF080MAX, CTMS, Melbourne, AU) was placed upstream of the thermistors to avoid direct 
contact of the thermistors with unevaporated droplets. For inlet air humidity measurement, one 
humidity transmitter was used upstream of the spray nozzle. Water pressure to the nozzle was 
measured using a pressure gauge sensor with a working range of 0-20.6 MPa and accuracy of 1% of 
full scale. The relation between the water flow rate and pressure was determined using a bucket and 
a stopwatch through a series of measurements at different pressures. All sensors were calibrated for 
the experiments. 
3.2 Spray characterisation 
Spray characteristics can be described by drop size distribution, drop velocity distribution, spray 
angle, flow rate and spray pattern [46]. The spray characteristics of each hollow cone nozzle used in 
this experiment were measured. All nozzles used in this experiment were measured to get the actual 
nozzle performance characteristics at operating conditions that match the experiments.  
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Figure 1 Schematic diagram of (a) wind tunnel setup and layouts of sensors (NTS), (b) Temperature measurement grid 
sensors layout, and (c) PDPA measurement plane measurement layout 
A high speed photography system and a two-dimensional phase Doppler particle analyser (PDPA) 
were used for spray characterisation. Break up lengths and nozzle cone angle were extracted using 
the still images recorded by a high speed camera equipped with a 1W continuous laser system to 
provide a laser light sheet at a wavelength of 532 nm for spray illumination (see Fig.2). Droplet 
diameters and velocities measurements were performed with an Aerometric PDPA laser system 
from TSI, Inc. [116]. The laser system consisted of 600 mW argon-ion lasers (532, 561 nm 
wavelength). Optical setup and run settings of the PDPA system can be found in Alkhedhair et al. 
[115]. A 2-Axis Traverse System was used to move the PDPA system during the experiment. The 
computer controlled traverse system allowed the acquisition of measurements in different locations 
across the spray plume as shown in Fig.1 (c) and Fig.3. 
(b) (c) 
(a) 
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Figure 2 Typical spray image from the high speed photography system (10N -KB nozzle from H. Ikeuchi & Co. Ltd.) 
The spatial spray characteristics were obtained at the breakup length downstream of the tested 
nozzles in terms of vertical and radial location along the horizontal and vertical centre lines. To 
enable approximately sampling the whole spray characteristic, Local measurements at 13 points in a 
measurement grid were carried out as shown in Fig.3. The PDPA measurements were taken along 
three circles with four points at each circle and one point at the centre to model the spray produced 
by a circular injection (Fig.3). The assumption of symmetry allowed averaging each four points into 
one droplet size distribution. The radial separation between points was set based on the spray plume 
width at breakup length and ranged from 10 – 16 mm. At each measurement point, measurements 
are taken for at least 10000 samples or 120 seconds, whichever is achieved earlier. An area and 
volume flux weighting average calculation was then performed to obtain the globally representative 
value of droplet diameter D32 of each concentric circle. 
 
Figure 3 PDPA measurement points for characterisation at the breakup length 
3.3 Spray transport and evaporation 
Droplets transport and evaporation were measured with the two-dimensional phase Doppler particle 
analyser (PDPA). The streamwise development of droplet size and velocity along the tunnel were 
Cone angle 
Spray breakup 
Breakup length 
  
  
  
Air flow 
120 
 
measured for the CFD model characterisation validation. Optical setup and run settings of the 
PDPA system are the same settings as the spray characterisation. A grid of 33 PDPA measurement 
points was employed to capture the streamwise development of the spray as shown in Fig.1 (c). The 
PDPA measurement points were positioned at a distance of 3.9 m downstream of the nozzle. To 
improve resolution, the PDPA measurement grid was centred on the expected high concentration 
area beginning at y= 100 mm from the ground and continuing to y= 600 mm with 50 mm step. 
Droplet size and velocity results at each height were obtained by averaging the three measurements 
obtained at the same height.  
The evaluation of the uncertainty in PDPA system is a complex problem as it is dependant on 
optical configuration, spray composition, sampling of droplets and data processing [103]. The 
uncertianties in the PDPA measurment of droplet size and droplet velocity are estimated at 10-15% 
[114]. The PDPA system was positioned on a 3D-traverse system with a positioning accuracy of  10 
µm. To ensure measurement stability, the data were recorded in a 1-second interval and all 
measurements were logged simultaneously. Some test conditions were repeated to establish the 
repeatability of the results. 
4 Computational model 
In this study, the commercial CFD code ANSYS/FLUENT (14.0) was used to perform the 
simulations. The Reynolds-time averaged Navier-Stokes conservation equations were used to 
describe the air flow field. The turbulence in the air was modeled using the standard k-ε model. The 
Eulerian-Lagrangian approach was used where the air is described by the Eulerian framework and 
the water droplets are described using the Lagrangian framework. A staggered grid solution with 
the SIMPLE algorithm for the coupling of pressure and velocity was used. Turbulent dispersion 
effect on droplet was modeled using a stochastic droplet tracking model. A detailed description of 
the numerical approach is provided by Alkhedhair et al. [20]. A brief summary of the numerical 
model is provided here. 
4.1 Computational Geometry 
A 3-D CFD model equivalent to the wind tunnel working section with dimensions 5.6x1x1 m3 has 
been developed (Fig.4). Spray injection was placed 0.6 m above the tunnel floor and 0.55 m from 
the inlet and directed horizontally in a co-current direction with airflow. A hexahedral element 
uniform mesh was built with a 15 mm cell size. The grid in the vicinity of the nozzle was refined 
for more accurate capturing, resulting in a total of 4113200 elements. This grid refinement was 
shown to lead to grid-independent solutions [20]. 
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4.2 Governing Equations 
The airflow was modeled as a steady, incompressible and turbulent flow. The Reynolds-time 
averaged Navier-Stokes equations of the airflow are: 
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The parameters Se, Sm, and Smo, are the energy, momentum and droplet mass source terms, 
respectively, which are calculated by an alternate process through volume averaging method 
incorporated into the Eulerian airflow equations [102]. 
 
Figure 4 Computational Geometry 
The water phase was modeled as a steady flow. The governing equation of the water droplets 
written in Lagrangian reference frame is expressed as: 
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   (5) 
where g DanF Fd  are the gravitational force and drag force, respectively. Each droplet is tracked 
individually within the airflow by integrating the motion equations. Gravity and drag forces were 
considered in this analysis [20]. In this study, the spherical drag law is used based on the correlation 
developed by Morsi and Alexander for drag coefficient [77].  
The heat and mass transfer between air and droplets occur due to the existence of temperature 
difference and vapor concentration gradient between the water droplet and the airflow. The rate of 
energy absorbed by each droplet from the airflow can be expressed as:  
   
ww p d c d a d e fg
m C T h A T T m h    (6) 
where, em  is the evaporative mass flux and  ch  is the convection heat transfer coefficient. 
4.3 Boundary conditions 
At the inlet, a uniform inlet air velocity boundary condition matching experimental conditions is 
specified. A pressure outlet boundary condition was assigned to the duct outlet with exit flow 
pressure set to atmospheric pressure. A no slip adiabatic boundary condition was applied on side 
walls. For the near wall boundaries, the standard wall function was employed. Droplets impacting 
walls are excluded from further calculation once impacting the walls using the droplet wall 
boundary condition as “escape”. 
For the droplet phase, droplet size and velocity distributions were set to match experimental 
conditions using the new nozzle representation presented in section 5. Droplets in Lagrangian 
reference frame are represented by a specified number of parcels. A certain number of droplets are 
assumed to have the same features (temperature, size, velocity, etc.). Based on a numerical 
sensitivity test, 400 parcels are adequate to describe the spray correctly [20]. Droplets were injected 
at a uniform temperature equal to the room temperature (27˚C). Spherical shape was assumed for 
droplets with  negligible temperature gradient within the spherical droplets due to the droplets size 
[103].  
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5 Nozzle representation 
5.1 Methodology 
The accuracy of the numerical simulations involving particle spray depends on the accuracy of the 
representation of the nozzle (droplet size, droplet velocity, cone angle and position) in the 
simulation.  In the present model, a new method is introduced for nozzle representation in 
numerical simulation. By matching spray patterns to actual nozzles, better simulations can be 
achieved. Once initial spray characteristics are measured for a particular nozzle, then it is possible 
to represent this nozzle in any CFD simulation using the proposed nozzle representation method. 
In the new nozzle representation method, droplets are defined at a distance downstream the nozzle 
equivalent to the breakup length. Spray characteristics measured at the breakup length are used to 
initialize the spray. Initial spray characteristics are defined at the breakup length with different 
concentric circles that have different initial spray characterises based on experimental 
measurements as shown in Fig.3. This recognize the radial variation of the droplet size distribution 
within the spray plume as can be seen in Fig.5, for one of the tested nozzles (10N -KB nozzle from 
H. Ikeuchi & Co. Ltd.). The radii of the circles are the radial locations used for the PDPA 
measurements.  In the CFD model, each circle was represented by 50 circumferentially distributed 
injection points with the same droplet size distribution divided into 20 classes. This is based on a 
numerical sensitivity test [20]. 
5.2 Initial droplet size distribution 
Of the theoretical and empirical functions available to describe droplet size distribution in liquid 
sprays, the Rosin-Rammler approach statistical function is the most widely used [46]. In this study, 
the Rosin-Rammler distribution is employed to represent the measured droplet size distribution. 
This function assumes that there is an exponential relationship between the droplet size, D, and the 
mass fraction of droplets with diameter greater than D. The equation of the Rosin-Rammler 
distribution is [46]: 
 e
q
m
D
D
Q
 
 
   (7) 
where Q is the fraction of the total mass of the spray with droplet diameters of greater than D.  Dm 
and q are the mean diameter and spread parameter related to the distribution centre and width, 
respectively. These can be obtained from the D32 and Dv90 measured at the various radial locations 
of the spray plume [46]. The spread parameter, the mean diameter, the maximum and minimum 
diameter were used to plot the Rosin-Rammler distribution (Table.1). Fig.5 shows the measured 
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drop size distribution as well as the fitted Rosin-Rammler cumulative volume distribution at the 
various measured radial locations within the spray plume of one experimentally tested nozzle. Fig.5 
shows good agreement between the measured droplet distribution and the Rosin-Rammler 
distribution function at the inner circles (centre and 13 mm). In addition, it can be seen that at the 
outer circles (26 mm and 40 mm), the simulation underpredictes the droplets in the ranges, 30-50 
µm and 40-60 µm, respectively. However, the comparison shows satisfying agreement as most of 
the spray flow rate is represented by the first three circles as shown in Table 1. 
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Figure 5 Experimental cumulative volume distribution and Rosin-Rammler distribution fitting at the breakup length of 10N 
nozzle at various circle radii. 
5.3 Initial droplet velocity 
Initial droplet velocity is very important parameter in two-phase flow simulation. It sets the 
momentum exchange between the two phases. Injecting droplets at the breakup length using their 
measured velocities ignores the momentum exchange between the airflow and the water jet in the 
primary atomization region where the airflow is accelerated substantially and droplets lose large 
portion of their momentum. To remedy this gap and compensate the momentum exchanged at the 
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primary atomization region, a momentum balance is applied to the control volume adopted as 
shown in Fig.6. This control volume has been chosen such that there is no mass flux crossing 
through the top and bottom control volume boundaries (A-B and C-D). For a real nozzle, the 
momentum balance of the control volume which represents the air acceleration due to momentum 
transfer from droplets is: 
 
2 2
, , , , ,
1
N
a in a in a jet w a out a out a d outi wi
i
V A V m V A V m 

    (8) 
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𝑖=1  is the momentum transferred from droplets to air inside 
the control volume. For the simulated nozzle scenario, where the momentum exchange between 
airflow and droplets takes place downstream the breakup length, the control volume momentum 
balance is: 
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Solving the momentum balance equations and using the assumption that the real nozzle case and 
simulated case appears the same at the control volume boundaries, the momentum addition from 
spray injection must be the same: 𝑉𝑗𝑒𝑡𝑚?̇? = ∑ 𝑉𝑑𝑖𝑚𝑖̇
𝑁
𝑖=1 . Hence, by setting𝑉𝑑𝑖 = 𝑉𝑗𝑒𝑡, the 
momentum addition in the primary atomization is conserved. Therefore, a constant droplet velocity 
equal to the water jet velocity is used for all circles. The jet velocity is based on the nozzle orifice 
diameter and measured flow rate (Table.1). This assumption is valid as the breakup region is small 
compared to the tunnel size. 
 
Figure 6 Nozzle control volume (a) Real nozzle and (b) Simulated nozzle 
5.4 Experimental conditions  
Spray characterisation were carried out for 31 cases with different combinations of nozzle type, 
water pressures and cone angles at various air velocities (1.3, 2.5 and 3.5 m/s), inlet air 
temperatures and humidities [115]. Water flow rate was adjusted according to the air flow rate and 
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ambient condition to achieve full air saturation theoretically by assuming the process is adiabatic. In 
the present study, 3 cases with different inlet air velocities have been selected for comparison and 
evaluation of our numerical model. These were nozzles 22N, 10N, and UM150.  Droplet size and 
velocity distributions development at the wind tunnel streamwise direction were subsequently 
obtained. Table.1 lists the main parameters of the reference cases.  
    Table 1 Measured conditions used to set inflow for simulations 
 
6 Results and validation 
The 3-D CFD model developed to calculate droplet evaporation and transport, and air cooling using 
the new spray representation to reproduce real nozzle spray patterns has been validated against full 
scale experiments.  
6.1 Comparison between CFD predictions and experimental measurements  
Wind tunnel measurements for three test cases covering various inlet air conditions and spray 
characteristics, shown in Table.1, have been compared with the predictions obtained from the 
matching CFD simulations to validate the present numerical simulation. Comparisons have been 
performed for droplet axial velocity, Vdx, Sauter mean diameter, D32, at the PDPA grid 
measurement point (Fig.1 (c)), and air dry bulb temperatures, Tdb,o , measured at 11 points 
downstream of the nozzle (Fig.1 (b)). 
A direct comparison between simulated and measured Vdx, D32 and Tdb,o  is illustrated in Fig.7. It 
shows a good agreement between experimental results and the present model predictions with an 
average deviation below 5.3%. The deviations of droplet axial velocity, Sauter mean diameter are 
within the measurement uncertainties. The mean deviation for air dry bulb temperature deviations is 
below 3.5% with a maximum deviation of 10.5%. Overall, agreements are best for high airflow 
speeds, with typically higher relative errors existing at low speeds. 
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Figure 7 Comparison of predicted and experimental (a) air dry bulb temperature, (b) droplet axial velocity, and (c) Sauter 
mean diameter for three air velocities 
The discrepancy between experimental and model predictions could be attributed to different 
factors. Firstly, the simplification of the present simulation model including droplet collision and 
coalescence and droplets impingement. Secondly, the insufficiency of the empirical Rosin-Rammler 
distribution to describe the experimentally measured initial sprays characteristics precisely. Thirdly, 
the uncertainties on the experimental measurements as this experiment is carried out in a large 
scale, in particular, spray characteristics. Spray characteristics were measured with PDPA where the 
uncertainty is estimated to be 10-15%. Considering these, the general agreement between 
experimental results and model predictions is good. Furthermore, the present model was able to 
reproduce the measured trends of measured parameters fairly well as discussed next 
6.2 Mean droplet axial velocity 
Predictions and measurement of the mean droplet axial velocity as a function of tunnel height 
downstream of the nozzle at an axial distance of 3.9 m (see Fig.1(c)) are shown in Fig.8. The 
measurements are obtained for three inlet air velocity 1.3, 2.5 and 3.5 m/s (Table.1). For all the 
measurements point presented, they represent the average of three measured points at the same 
(a) (b) 
(c) 
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height. Trends of droplet axial velocity from experiments and simulations are similar for all three 
inlet air velocities considered. The error bars shows the measurement uncertainty for droplet 
velocity. 
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Figure 8 Comparison of droplet axial velocity at different tunnel heights for three air velocities 
The CFD model slightly underestimated the trend of increasing droplet axial velocity at 3.5 m/s air 
velocity at the middle of the tunnel. Moreover, droplet axial velocity was slightly overestimated at 
the tunnel bottom for the 1.3 and 2.5 m/s cases. However, the predicted droplet axial velocity for all 
three inlet air velocities is within the range of the measurement uncertainties.  
6.3 Sauter Mean Diameter, D32 
The droplet evaporation and transport are investigated by considering droplet size development 
along the tunnel. Measurement of the Sauter mean diameter, D32 as a function of tunnel height 
downstream of the nozzle at an axial distance of 3.9 m (see Fig.1(c)) is shown in Fig.9. The 
measurements are obtained for three inlet air velocity (1.3, 2.5, 3.5 m/s). The D32 is usually 
considered as one of  the most important representative diameters [46]. The D32 is related to the 
contact surface area between the water droplets and the airflow which affect evaporation rate 
directly as evaporation only occurs at the water/air interface.  
Numerical predictions of D32 are compared with the experimental results in Fig.9. Overall, trends of 
D32 from experiments were predicted fairly well by simulation for all three inlet air velocities 
considered. From Fig.9, it can be observed that the Sauter mean diameter increases toward the 
tunnel ground and reaches a maximum near the ground. This phenomenon is observed in both 
experiment and simulation. This arises as large droplets have a higher weight to drag ratio, which 
makes them fall downwards more quickly. The simulated value of D32 was overestimated for the 
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1.3 m/s case along the tunnel height. However, the D32 predictions are within the range of the 
present measurement uncertainties. 
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Figure 9 Comparison of Sauter mean diameter, D32 at different tunnel heights for three air velocities 
6.4 Outlet air dry bulb temperature 
The spray cooling efficiency is investigated based on outlet air dry bulb temperature, Tdb,o. 
Measurement of the Tdb,o at 11 points downstream of the nozzle at a longitudinal distance of about 
4.7 m are shown in contour plots in Fig.10 ((a), (b) and (c)). For regions outside the measurement 
grid, temperature is extrapolated to produce the temperature distribution of the whole cross section. 
Numerical predictions of Tdb,o are presented as contour plots at the same measurement plane for 
comparison (Fig.10 ((d), (e) and (f)). The contour plots of outlet dry bulb temperature for 
experiment and CFD agreed reasonably for all three inlet air velocities. The agreement between 
both sets of result is good with higher discrepancy in the cooling area at low air velocity (1.3 m/s). 
Apart from experimental uncertainty, there is one possible reason for this deviation, the effect by 
which the drift eliminators affect the airflow is not considered in this study.  
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Figure 10 Comparison of contour plots of outlet air dry bulb temperature at 4.7 m downstream the nozzle with airflow speeds 
(a) 1.3 m/s - EXP (b) 2.5 m/s - EXP (c) 3.5 m/s – EXP (d) 1.3 m/s - CFD (e) 2.5 m/s - CFD (f) and 3.5 m/s - CFD 
7 Discussion 
By utilizing the new nozzle representation method, real nozzle spray patterns were reproduced 
accurately in the CFD model. This provides more understanding of the process as CFD offers the 
advantage over experiment that full-field local data can be obtained. Some physical effects observed 
in the experiments that influence droplet transport and evaporation and spray cooling efficiency are 
discussed. 
From Fig.8, it can be observed that droplet axial velocity varies at different heights in the tunnel. 
There is local increase in droplet axial velocity downstream of the nozzle at regions where droplets 
are highly concentrated as expected. This occurrence is observed by both experiment and 
simulation. This is related to momentum exchange between airflow and droplets as injected droplets 
transfer their momentum to the surrounding air in a short distance due to air resistance [46]. This is 
more pronounced for small droplets due to the fact that small droplets have a lower inertia to drag 
ratio. Once droplets lose their momentum, they follow the airflow velocity in the spray far field. As 
a consequence, airflow in the vicinity of the nozzle tip experiences substantial acceleration due to 
the strong momentum exchange. Local air velocity vectors along the tunnel were obtained in order 
(c) 
(e) (d) 
(a) (b) 
(f) 
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to provide full-field data to show the droplet flow evolution. Fig.11 illustrates the airflow velocity 
vectors at the centreline plane for all three cases. The vertical line before the outlet represents the 
PDPA measurement plane. The airflow is accelerated as a consequence of spray injection. The 
water injections velocities for the 1.3, 2.5 and 3.5 m/s are 13.6, 85, and 31.3 m/s, respectively. As 
the air travels forward in the spray far field (far from the nozzle), it starts to spread out and 
decelerates. Thus, droplets moving into the accelerated airflow experience increase in their axial 
velocities.  
This is confirms the importance of setting the correct droplet velocity, equalling the water jet 
velocity, rather than droplet velocity measured at the characterisation plane, to account for the full 
momentum transfer. Using measured droplet velocities undervalues the fact that the injected liquid 
lost a large portion of their momentum in the primary atomization region.  
 
 
 
Figure 11 Velocity vectors at centre plane (z=0) with airflow speed (a) 1.3 m/s (b) 2.5 m/s (c) and 3.5 m/s 
It is clear from Fig.10 that the airflow becomes saturated at the lower region of the duct for the 1.3 
m/s case. For the 2.5 and 3.5 m/s cases, the air becomes saturated near the centre. This occurrence is 
observed by both experiment and simulation. The airflow velocity vectors for all three air velocities 
shown in Fig.11 explain this occurrence. As can be seen in Fig.11, the falling rate per unit length is 
(a) 
(b) 
(c) 
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higher for lower velocities. Hence for the lower the air velocity more cooling is achieved in the 
lower region. This is due to air resistance where droplets fall out at lower air velocities quicker than 
higher velocities as the falling rate per unit length is higher for lower velocities. 
8 Conclusion 
In this paper, a 3-D CFD model for evaporating water spray was developed and validated against 
experimental measurements obtained from wind tunnel test rig under the same operating conditions. 
The droplet evaporation and transport, and air cooling were validated by comparing droplet axial 
velocity, Sauter mean diameter, outlet air dry bulb temperature of the CFD predictions with the 
experimental measurements. Special focus was given to accurate nozzle representation in the 
simulation. A new technique for initialization of hollow-cone spray characteristics into an Eulerian-
Lagrangian numerical modeling using experimentally measured initial spray characteristics was 
employed using the Rosin Rammler distribution function. Overall, good agreement was obtained 
between CFD predictions and experimental measurements yielding an average deviation below 
5.3% for all parameters compared. The main conclusions from this study are as follows: 
(1) A new method of nozzle spray representation in the simulation that takes into account radial 
evolution of droplet size distribution and air/droplets momentum exchange at the primary 
atomization region has been developed without unduly increasing the complexity of the numerical 
model. Therefore, once initial spray characteristics are determined for a particular hollow-cone 
nozzle, it is possible to accurately represent this nozzle in any CFD simulation. 
(2) The Eulerian-Lagrangian CFD model using the new developed spray initiation technique 
provides a good predictive design tool for spray cooling systems optimisation. 
(3) The validated CFD model has served to demonstrate some physical effects that influence droplet 
transport and evaporation which are difficult to be captured by experiments. This includes local 
increase of droplet axial velocity in the spray far field due to air acceleration caused by spray 
injection. 
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6.4 Summary 
In this chapter, the developed CFD model with the new more realistic hollow-cone nozzle 
representation approach has been validated. The new nozzle representation method takes into 
account radial evolution of droplet size distribution at the breakup length and air/droplets 
momentum exchange at the primary atomization region. Overall, good agreement was obtained 
between the CFD predictions and the experimental measurements on droplet evaporation and 
transport, and air cooling. An average deviation below 5.3% for droplet axial velocity, Sauter mean 
diameter, and outlet air dry bulb temperature were achieved. Furthermore, the CFD model correctly 
captured the measured trends of the compared parameters (i.e. local increase in droplet axial 
velocity downstream of the nozzle at regions where droplets are highly concentrated and higher air 
cooling in the lower region of the duct for low air velocities), thereby additional verifying of our 
modelling approach. 
The validated CFD model using the new developed spray initiation technique provides a good 
predictive design tool for spray cooling systems optimisation. Hence, it can be used to investigate 
the impact of spray characteristics parameters on spray cooling systems performance and relate the 
result to a real nozzle performance. In the next chapter, this issue will be investigated in order to 
provide design criterion for an effective nozzle to improve spray cooling systems performance. 
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Chapter 7 Nozzle optimisation for spray cooling with application in Natural 
Draft Dry Cooling Towers 
7.1 Introduction 
In chapter 4, a single spray injection simulation with uniform droplet size distribution was 
conducted to study the effect of droplet size and inlet air velocity on the droplet transport, the 
droplet evaporation, and the cooling performance of inlet air spraying to enhance the performance 
of natural draft dry cooling towers at a hot and dry ambient condition. Review of literature showed 
that at present, research on spray cooling performance conducted previously are mainly carried out 
by single point injection representation on the basis of experimentally measured spray 
characteristics at the breakup length or hypothetically assumed based on the application’s demand 
[5, 33, 38, 42, 43, 45, 118]. However, using a single spray injection approach prevents representing 
real nozzle behaviour (i.e. 3D formation of the spray plume and radial evolution of droplet size 
distribution). The main weakness of this theory is that actual nozzle performance cannot be 
integrated and the representation quality is compromised which limit relating spray cooling 
performance to nozzle performance. For example, based on a spray characterisation experiments, 
different droplet size distribution patterns were observed from various hollow-cone spray nozzles 
which cannot be incorporated by a single point injection. 
Using a single spray injection, the spray cooling systems performance cannot be related to nozzle 
design as spray characteristics at the nozzle tip cannot be measured with the available spray 
characterisation systems. Atomization or jet breakup takes place in a certain distance away from the 
nozzle exit depending on nozzle type and operating conditions. Experimental spray characterisation 
is obtained as close as possible to the nozzle orifice at the breakup length. Through the use of the 
new nozzle representation approach, spray cooling performance can be related directly to the spray 
characteristics at the breakup length which can be measured experimentally. Therefore, nozzles can 
be customised by nozzle designers to match optimum spray characteristics in order to deliver better 
spray cooling efficiency. 
This chapter aims to use the newly developed nozzle representation method (chapter 6) to obtain 
design criterion for an effective nozzle design. This is achieved through parametric analysis 
investigating the effect of main spray characteristic parameters on cooling performance. To the best 
of our knowledge, no study attempted to relate nozzle design optimisation to spray cooling 
performance by investigating the impact of physical spray characteristics. Another aspect of this 
chapter is to investigate the effect of droplet size distribution patterns as observed during 
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characterisation experiments of hollow-cone spray nozzles in order to identify their impact on spray 
cooling systems. 
The main content of this chapter is presented in form of a paper submitted for publication in the 
“International Journal of Thermal Sciences”. The work related in this paper serves to fulfil the 
research objectives 5 and 6 of this Thesis project. Specifically, it reports the complex interaction 
between inlet air and spray injection. It also reports optimum initial spray characteristics for spray 
cooling systems in terms of spray cooling system performance which can assist in designing an 
effective nozzle design that can improve spray cooling performance significantly and make 
complete evaporation of droplets likely to take place. 
7.2 Approach 
The 3-D Eulerian-Lagrangian water spray CFD model developed in chapter 4 and validated in 
chapter 6 is used with the new nozzle representation approach for hollow-cone nozzles to simulate 
the evaporating water spray in order to calculate droplet evaporation and transport, and air cooling 
effectiveness. The selected ranges of the tested spray characteristics parameters are within the range 
of values suitable for spray cooling systems. The tested droplet size distribution patterns correspond 
to experimental observations (chapter 5) of different hollow-cone spray nozzles. A new pattern was 
also simulated in which the mean droplet size is constant along the spray plume. Air enters the duct 
at a velocity of 2 m/s, dry-bulb temperature of 40 ˚C and relative humidity of 15% for all cases 
representing a hot and dry condition with average velocity encountered in NDDCTs. 
7.3 Paper content 
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Abstract  
Pre-cooling of inlet air with water spray is proposed for performance enhancement of natural draft 
dry cooling towers (NDDCTs) during high ambient temperature periods. Previous experiments 
showed promising results on cooling enhancement using spray cooling. Spray nozzles 
characteristics are an essential element for designing spray cooling systems. A parametric analysis 
is conducted on the effect of different spray characteristics parameters and various hollow-cone 
droplet size distribution patterns on a spray cooling system performance for nozzle design 
optimisation. A validated Eulerian-Lagrangian 3-D model with a novel nozzle representation 
method for hollow-cone nozzles was used to perform the analysis. The results can help prepare 
design principles of effective spray nozzles for spray cooling systems. The results showed a clear 
trend of increasing spray cooling efficiency as droplet velocity increases due to better spray 
dispersion. 15% improvement in cooling performance was achieved by increasing droplet velocity 
from 20 to 80 m/s. A spray nozzle with high injection velocity, small droplet size distribution, large 
cone angle and a droplet size pattern of mean droplet size increasing towards the spray periphery 
was found to be the best for sprays with Dv90 ≤ 50 µm. Complete evaporation was successively 
achieved within 5 m distance using a spray with droplet size distribution of Dv90=20 µm and droplet 
velocity of 120 m/s at an air velocity of 1 m/s.  
Keywords: Spray cooling, Air pre-cooling, Natural draft, nozzle optimisation 
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1 Introduction 
This paper presents the optimisation of spray nozzles designs for evaporative cooling applications 
using a validated Eulerian-Lagrangian water spray CFD model with a novel nozzle representation 
method for hollow-cone nozzles. The effect of spray characteristics parameters and droplet size 
distribution patterns on a spray cooling system performance is crucial for designing effective spray 
nozzles for spray cooling systems. The spray cooling efficiency was improved by approximately 
15% by only increasing the droplet velocity which can be achieved by reducing nozzle orifice 
diameter. Due to a number of reasons, which include water consumption restrictions, environmental 
regulations and flexibility of plant site selection [1,2], air-cooled condensers in general, and 
NDDCTs in particular, are becoming the preferred choice for many power plants despite their 
higher capital costs and the reduced performance at high ambient air temperatures. The performance 
of dry cooling towers can be enhanced on hot days by various techniques [3,4], including water 
sprays. 
In spray cooling, water is distributed into the inlet air to reduce the inlet air temperature by 
evaporative cooling prior to reaching the condensers. This increases the overall cycle efficiency and 
helps the plant recover some of the performance reduction caused by hot ambient temperatures. Due 
to its simplicity, ease of operation and maintenance, spray cooling is becoming more popular [20]. 
Furthermore, pressure drop by spray cooling is insignificant as the airflow is not affected by the 
existence of droplets [21]. Spray nozzles are used to help distribute water into the inlet airflow in 
order to provide a large contact surface area between air-water and to enhance mixing by producing 
Nomenclature 
 Droplet diameter (µm) 
 Arithmetic mean diameter (µm) 
 Sauter mean diameter (µm) 
    90% of water volume made up of 
droplets of this size and smaller (µm) 
     Rosin-Rammler mean droplet diameter 
(µm) 
 Rosin-Rammler Fit coefficient 
RH Relative humidity (%) 
 
T Temperature (˚C) 
 𝑉 Velocity (m/s) 
 Spray cooling efficiency 
𝑓(𝐷3) Rosin-Rammler volume distribution 
function 
Subscripts 
a air 
i inlet 
o outlet 
d droplet 
db dry-bulb 
wb wet-bulb 
t time 
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very fine droplets. This offers higher evaporation rate and greater air cooling. An effective water 
spray design needs to avoid local cooling distribution and incomplete evaporation of droplets while 
providing high cooling efficiency. These issues can be avoided by optimising spray nozzles design 
under the operational conditions.  
Detailed knowledge on the impact of spray characteristics parameters in spray cooling performance 
and their relation to the nozzle design is necessary for designing effective spray nozzles. Spray 
cooling is a two-phase flow process that depends on many factors and experiences several actions 
when injected into air including heat, mass and momentum transfer. Studies of spray behaviour 
injected into an airflow form several applications have shown that spray cooling performance is 
influenced by many factors. According to Wells [20, 117], spray droplet size is  a  main  parameter  
that  impacts  droplet  transport  and cooling efficiency. Spray cooling performance has been found 
to be also strongly influenced by air velocity [20, 40, 45] and droplet velocity [125]. Some of the 
other important parameters are: (a) nozzle cone angle, (b) water injection rate, (c) injection 
direction, and (d) meteorological condition [19, 26, 40, 43, 45].  
Spray cooling systems performance have been a subject of research for many years and many 
experimental studies [15, 19, 33, 37] and computational fluid dynamics models [5, 33, 38, 42-45, 
118] have been carried out. Current trend in spray systems research is focused on CFD simulations 
due to the complexity of the two-phase flow and involvements of many dependant parameters that 
might not be possible to be varied independently.  
The study of spray behaviour has implications on many engineering applications. Several numerical 
investigations have been conducted on spray cooling systems to investigate the effect of spray 
characteristics parameters on spray cooling system performance. Tissot [43] examined the effect of 
droplet size and nozzle injection direction on spray cooling performance in a small channel 
associated with refrigerating system. They found that there is a trade-off between air velocity and 
droplet size for better spray cooling efficiency. For counter flow injection, they found that 
decreasing droplet size led to better performance. Chaker [6] studied the effect of droplet size on 
cooling performance of a gas turbine inlet fogging system numerically. It was found by Chaker [6] 
that droplet size and air velocity are the most important effective parameters on spray cooling 
efficiency. A computational fluid dynamics model was developed by Wang [42] to study mist 
transport at different fundamental geometries of gas turbine inlet showing that droplet size has 
considerable effect on evaporation efficiency. In addition, Montazeri [45] performed a parametric 
analysis using CFD simulation on spray cooling performance under different physical conditions in 
a short horizontal duct (1.9 m) using large droplet size distribution (Dm=310-430 µm). They found 
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that, within their tested range, droplet size distribution was an important parameter on the droplet 
evaporation process and a high cooling efficiency was achieved with low droplet size. So far, 
studies on the dependence between spray cooling performance and spray characteristics parameters 
are limited, in particular; in relation to complete evaporation and spray dispersion. 
Research on spray cooling performance conducted previously was mainly carried out by single 
point injection on the basis of experimentally measured spray characteristics at the breakup length 
or hypothetically assumed based on the application’s demand. However, this approach prevents 
representing real nozzle behaviour (i.e. 3D formation of the spray plume and radial evolution of 
droplet size distribution) to assist on nozzle optimisation in terms of spray cooling effectiveness. 
The main weakness of this approach is that actual nozzle performance cannot be integrated into an 
optimisation study and the representation quality is compromised. For example, different droplet 
size distribution patterns were observed from various hollow-cone spray nozzles in a spray 
characterisation experiments.  This observation cannot be incorporated in a study using a single 
point injection.  
Since previous studies are limited to single point injection, this study investigate the spray 
characteristics parameters that determine an effective nozzle design in terms of spray cooling 
performance using a practical nozzle representation approach developed by Alkhedhair [126]. The 
implemented nozzle representation method allows describing nozzle behaviour at the breakup 
length in a 3D form which relates to the performance of a real nozzle. To the best of our knowledge, 
no study attempted to relate nozzle design optimisation to spray cooling performance by 
investigating the impact of physical spray characteristics. Another aspect of this study is 
investigating the effect of various droplet size distribution patterns observed in spray 
characterisation experiments from different hollow-cone spray nozzles in order to identify optimal 
spray pattern for spray cooling. 
In the present work, design criterion of an effective nozzle design is obtained through a parametric 
analysis conducted for different spray characteristics parameters and various hollow-cone droplet 
size distribution patterns. A validated Eulerian-Lagrangian water spray CFD model with a novel 
nozzle representation method for hollow-cone nozzles that allows analysis of various size 
distributions in single simulations has been used to perform the analysis. The optimum nozzle 
design is quantified in terms of spray cooling performance. 
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2 Methodology  
2.1 Experimental observations 
A series of wind tunnel experiments have been conducted in a previous study [115] for spray 
characterisation of nine promising high pressure, hollow-cone nozzles for inlet air pre-cooling at 
different atomization pressures and environmental conditions. Hollow-cone nozzle is found to be 
the best option for spray cooling systems and is widely used in humidifying applications [46]. The 
nozzle characterisation was performed using a 2D-Phase Doppler Particle Analyser (PDPA) and a 
high speed photography system. Break up lengths and nozzle cone angle were obtained using the 
high speed photography system. Droplet diameter and velocity were obtained using the PDPA. Full 
detail of the test rig and apparatus settings can be found on Alkhedhair et al. [115]. 
A typical feature of a hollow-cone nozzle is that small droplets are observed near the spray centre 
and large droplets are observed near the spray periphery due to droplets inertia. However, variations 
in droplet size profile at the breakup length were observed for some of the tested hollow-cone 
nozzles in the spray characterisation experiments. Three different main droplet size distributions 
spray patterns were observed. Pattern 1 was similar to the typical hollow-cone spray pattern with 
small droplets near the centre and increasing in size towards the spray edge. In Pattern 2, the mean 
droplet size is the largest at the middle of the spray plume. In Pattern 3, the smallest mean droplet 
size is produced in the mid-radius region of the spray plume. These three droplet size distribution 
spray patterns are illustrated in Fig.1 with the radial profiles of the D10 (arithmetic mean diameter) 
and the D32 (Sauter mean diameter). The D10 and D32 values were obtained at the breakup length 
along the spray centre lines. The separation distance between measurement points is 12-13 mm and 
based on the spray plume widths at their breakup lengths [126]. 
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Figure 1 Experimental radial profiles of the D10 (arithmetic mean diameter) and D32 (Sauter mean diameter) at the breakup 
length along the centre lines showing droplet size patterns (a) Pattern 1 (UM150 nozzle from Bete Ltd.) (b) Pattern 2 (16N -
KB nozzle from H. Ikeuchi & Co. Ltd.) (c) Pattern 3 (22N -KB nozzle from H. Ikeuchi & Co. Ltd.) 
2.2 Numerical details and spray generation  
The commercial CFD code ANSYS/FLUENT (14.0) was used to perform the simulations. The 
Eulerian-Lagrangian approach was used where the air is described by the Eulerian framework and 
the water droplets are described using the Lagrangian framework. The Reynolds-time averaged 
Navier-Stokes conservation equations were used to describe the air flow field. The turbulence in the 
air was modeled using the standard k-ε model. A staggered grid solution with the SIMPLE 
algorithm for the coupling of pressure and velocity was used. Turbulent dispersion effect on droplet 
was modeled using a stochastic droplet tracking model. A detailed description of the numerical 
approach is provided by Alkhedhair [20]. Only a brief summary of the numerical model is provided 
here. The model has been validated against experimental studies in an experimental rig of the same 
geometry [126]. 
A 3-D CFD model with dimensions 5.6x1x1 m3 has been developed (Fig.2). Spray injection is 
placed 0.6 m above the tunnel floor and 0.55 m from the inlet and directed horizontally in a co-
current direction with airflow. A hexahedral element uniform mesh was built with a 15 mm cell 
size. The grid in the vicinity of the nozzle was refined for more accurate capturing, resulting in a 
total of 4113200 elements. This grid refinement was shown to lead to grid-independent solutions 
[20]. A uniform air velocity boundary condition is specified at the inlet. A no slip adiabatic 
boundary condition was applied on side walls. Droplets impacting walls are excluded from further 
calculation once impacting the walls using the droplet wall boundary condition as “escape”. 
Droplets in Lagrangian reference frame are represented by a specified number of parcels. A certain 
number of droplets are assumed to have the same features (temperature, size, velocity, etc.). Based 
on a numerical sensitivity test, 400 parcels are adequate to describe the spray correctly [20]. 
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Figure 2 Computational domain 
Spray characteristics can be described by drop size distribution, drop velocity distribution, spray 
angle, flow rate and spray pattern [46]. Atomization or jet breakup takes place in a certain distance 
away from the nozzle exit depending on nozzle design and operating conditions [46]. Experimental 
spray characterisation is obtained as close as possible to the nozzle orifice at the breakup length (the 
distance between the nozzle exit and the location at which atomization starts). Therefore, the spray 
characteristic at the nozzle tip is not available to be incorporated into the numerical model as initial 
droplet size distribution and injection velocity. Furthermore, within the spray cloud, there is a radial 
variation of droplet size distribution. A novel nozzle representation method developed by 
Alkhedhair [126] has been implemented which accounts for the droplet size radial variation by 
defining the initial spray characteristics with different concentric circles that have different initial 
spray characterises. This approach also accounts for the momentum exchange in the primary 
atomization region by using the water jet velocity.  
In the model, the spray is injected into three concentric circles with different radius: 20, 30, 40 mm, 
based on the average spray plume sizes at the breakup length of different hollow-cone nozzles 
tested in spray characterisation experiments. The most widely used function to describe droplet size 
distribution in liquid sprays, Rosin-Rammler distribution is employed [46]. A constant droplet 
velocity representing the water jet velocity is used for all circles to account for the momentum 
exchange at the primary atomization region. The nozzle flow rate was calculated as the amount of 
water, that if fully evaporated, would achieve full saturation (theoretically) of an air stream flowing 
through an area of 0.5 m2. The nozzle flow rate was calculated using the water vapour balance 
between air and water spray [115]. The water flow rate of each circle is increasing gradually 
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towards the spray edge as typical hollow-cone nozzles (bell shaped) and based on area weighted 
average calculation. Hence, employing this method gives the ability to relate the performance to a 
physical nozzle.  
2.3 Design of parametric study 
In this study, the validated 3-D CFD model with the novel spray representation is used to simulate a 
single spray injection in order to investigate droplet evaporation and transport, and air cooling 
effectiveness. A parametric analysis was performed to assess the effect of main parameters of spray 
characteristics and different experiential droplet size distribution patterns on a spray cooling 
performance for nozzle design optimisation. In addition to the droplet size distribution patterns 
illustrated in Fig.1, a 4th pattern with constant mean droplet size along the spray plume was also 
investigated. Case 1 (Table.2) was selected as a datum case. To assess the effect of main spray 
characteristics parameters, each parameter was perturbed in turn (case 2 to case 17). Parameters 
selected in this investigation for spray characteristics are given in Table.1 with details of each case 
given in Table.2. The selected ranges of the parameters are within the range of values suitable for 
spray cooling systems. Air enters the duct at a velocity of 2 m/s, dry-bulb temperature of 40 ˚C and 
relative humidity of 15% for all cases representing a hot and dry condition with average velocity in 
NDDCTs.  
    Table 1 Ranges of the test conditions for the parametric analysis 
Air Water droplets 
Velocity: 2 m/s 
Temperature: 40˚C 
Relative humidity: 15%   
Droplet size, Dv90: 30, 50, 70 µm (q=3.5) 
Droplet velocity, Vd: 20, 40, 60, 80 m/s 
Temperature: 27˚C 
Flow rate: for full saturation of 50% of the airflow (0.54 l/min) 
Cone angle: 50, 80, 110˚ 
Droplet size patterns: Increasing towards spray edge 
                                     Largest at the middle of the spray 
                                     Smallest at the middle of the spray 
                                     Uniform mean droplet size 
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Table 2 List of of the test conditions of each case for the parametric analysis 
 
3 Results 
The 3-D CFD model has been used to calculate droplet evaporation and transport, and air cooling 
effectiveness. A spray cooling system in NDDCTs is mainly designed to humidify the inlet air by 
water evaporation, therefore, enhancing the performance of the cooling tower. Hence, average air 
dry-bulb temperature and water mass evaporated at different cross sections along the duct are 
reported as an indication of air cooling and evaporation rate. Furthermore, in spray cooling system 
applications, cooling efficiency is generally considered as a good indicator in evaluating the 
performance of evaporative cooling systems. It represents how close the exiting air is cooled 
compared to the maximum possible temperature reduction (wet bulb depression). The cooling 
efficiency of a spray is defined by ASHRAE [113] as the ratio of the actual air temperature drop to 
the maximum possible temperature drop. Consequently, it can be expressed as: 
 𝜂𝑐 =
𝑇𝑑𝑏,𝑖 − 𝑇𝑑𝑏,𝑜
𝑇𝑑𝑏,𝑖 − 𝑇𝑤𝑏
 (1) 
where Tdb,i, Tdb,o and Twb are the dry-bulb temperatures of inlet and outlet, and wet-bulb temperature 
of the air, respectively. The cooling efficiency defined as above and evaluated based on average 
temperatures at the inlet and outlet plane was used to investigate the performance of spray cooling 
system. For all cases, the average temperature value was based on the only half of the duct as shown 
in the tests that the spray never grew large enough to cover the entire cross sectional area. The 
average coverage area at the tunnel outlet was about half of the duct.  
As an example case for spray visualization and cooling effectiveness, the droplet trajectories and 
equivalent air temperature profile along the duct at different cross sections obtained for the datum 
case are illustrated in Fig. 3, coloured by their diameter and local air temperature. It can be seen 
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form Fig. 3 that droplets are airborne with the airstream to the outlet plane or evaporate completely 
before fall to the duct floor. A significant cooling effect is achieved in region where droplets are 
travelling. Furthermore, it can be seen that maximum cooling is achieved in the spray cloud centre 
where droplets are highly concentrated. Furthermore, due to the small droplet size distribution and 
low injection velocity in which droplets have low momentum compared to the air momentum, 
droplets follow the airflow in a short distance downstream the nozzle. This results in droplets being 
dispersed in a narrow spray shape which affect the evaporation rate and uniformity of the air 
cooling process. Due to this circumstance, non-uniform cooling exists in the duct where a large 
portion of the duct (≈ 50% by area) is not affected by spray injection. It is apparent that nozzle 
optimisation is required to allow better spray dispersion in order to achieve high evaporation rate 
and consequently more cooling effectiveness.  
                       
Figure 3 Registered droplet trajectories and air temperature profile across the duct (datum case) 
In the following section, the parametric analysis results on the effect of main parameters of spray 
characteristics and different droplet size spray patterns on spray cooling performance are presented 
based on air temperature reduction, water mass evaporated and cooling effectiveness. 
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3.1 Effect of droplet size distribution 
Droplet size distribution is an important parameter of spray characteristics and affects the droplet 
transport and spray cooling efficiency considerably. It is generally well-known that smaller droplet 
size distribution provides more evaporation and consequently more cooling. Smaller droplets 
evaporate faster because they provide more surface area per unit volume than larger droplets and 
evaporation only occurs at the water/air interface. Evaporation rate per unit volume of droplets in 
gaseous media is related to the square of the droplet diameter and increases rapidly when droplet 
diameter is decreased [37]. However, in nozzle spray injections there is another mechanism that 
works in favour of the large droplets and, in some instances, balances out the favourable 
evaporation rates from small droplets.  Large droplets penetrate more into the air flow before 
assuming the velocity of the air.  Therefore, spray is distributed into a larger volume and this 
increases cooling efficiency. These two conflicting mechanisms have been observed in the current 
study and are explained in this section. 
In order to make the comparison applicable and eliminate the distribution shape effect, the Rosin-
Rammler spread parameter (q) has been modified in correspondence to the change the in Rosin-
Rammler mean droplet diameter (Dm). This allows shifting the whole water distribution according 
to the change in the mean diameter. Thus, having the same volume distribution of each D of the 
datum case compared to equivalent D of the test case (D±Δ). The Rosin-Rammler volume 
distribution function can be written as [48]: 
1
3( ) e
q
m
D
Dq
q
m
q
f D D
D
 
 
             (2) 
where Dm and q are the mean diameter and spread parameter related to the Rosin-Rammler 
distribution centre and width, respectively. Using equation (2), the new q for the test case can be 
calculated. Fig.4 illustrates an example of the volume distribution function of the datum case with 
the case of increasing the Dv90 from 50 µm to 70 µm (case 3) for all of the three concentric circles 
in the two cases 
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Figure 4 Rosin-Rammler volume distribution functions for datum case (Dv90=50 µm) (solid lines) and case 3 (Dv90=70 µm) (dot 
lines) 
Droplet size distribution affects the droplet dispersion into the airflow which is related directly to 
the spray plume coverage area in which droplets are distributed. The impact of different droplet size 
distribution on spray cooling system performance was investigated at a hot and dry ambient 
condition for three different size distribution with (Dv90 =30, 50, 70 µm) with the typical hollow-
cone spray pattern (pattern (1) from Fig.1) (Table.2). For all cases, the minimum and maximum 
droplet sizes of the Rosin-Rammler distribution were 1 and 80 µm. 
Fig.5 shows the predicted air temperature, water mass evaporated and spray cooling efficiency at 
different cross sections along the duct for three different size distribution with (Dv90 =30, 50, 70 
µm). One consistent trend can be observed across all the droplet size distributions. More 
evaporation and consequently greater air cooling is observed for smaller droplet size distribution 
due to that smaller droplets provide more contact surface area between air and droplets. The outlet 
spray cooling efficiency for sprays with DV90 of 30, 50 and 70 µm were 57%, 56% and 52%, 
respectively. However, the effect of droplet size was weak. This contradicts the previous literature 
[45, 117] that notes the droplet size as one of the most important parameters in spray cooling 
performance. The results of sprays with Dv90 of 30 and 50 µm were almost independent of droplet 
size as can be seen in Fig.5. This behaviour is attributed to droplet penetration into the airflow. 
Assuming each droplet acts individually, smaller droplets are more efficient than larger droplets in 
air spray cooling due to the increase in the contact surface area. However, owing to the fact that 
larger droplets have larger Stokes number, they tend to penetrate deeper and distribute better into 
the airflow. Thus, the enhancement on evaporation offered by decreasing droplet size is altered by 
the effect of droplets penetration. Thus, it can be said that it is not always favourable to decrease 
droplet size distribution and there is a trade-off between droplet size and spray penetration as spray 
dispersion may equalize or go beyond the contact surface area increase. 
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Figure 5 Predicted (a) air temperature (b) water mass evaporated (c) spray cooling efficiency at different cross sections along 
the duct for three different size distribution with (Dv90 =30, 50, 70 µm)  
3.2 Effect of droplet velocity 
Droplet Velocity is key parameter when investigating spray cooling systems. It has a large influence 
on spray transport and cooling efficiency as it represents the spray momentum. The effect of 
different initial droplet velocity (20, 40, 60, 80 m/s) was investigated. Fig.6 shows the predicted air 
temperature, water mass evaporated and spray cooling efficiency at different cross sections along 
the duct for different droplet velocity (cases 1, 13-15 in Table.2). We can see from this figure that 
droplet velocity has a significant influence on air cooling. There is a clear trend of increasing spray 
cooling efficiency with droplet velocity increase regardless of droplet size. For instance, spray 
cooling efficiency at the outlet is about 48% for Vd =20 m/s while spray cooling efficiency is 63% 
for Vd=80 m/s. Droplet velocity has a direct effect on spray dispersion. Droplets with higher initial 
velocity have larger momentum and they penetrate more into the airflow before they follow the 
airflow direction and are dominated by the airflow and gravity. As a result, droplets are distributed 
in a larger area compared to droplets with lower velocities.  
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Figure 6 Predicted (a) air temperature (b) water mass evaporated (c) spray cooling efficiency at different cross sections along 
the duct for different droplet velocity (20, 40, 60, 80 m/s) 
Fig. 7 shows the recorded spray at the outlet section for the datum case spray and the spray case 15 
in Table.2 (initial droplet velocity of 80 m/s) coloured by their diameter. It is clear that only part of 
the area is affected by the nozzle spray as indicated by the droplet trajectory. It can be seen from 
Fig. 7 also that the coverage area for spray with initial droplet velocity of 40 m/s is smaller than that 
at 80 m/s. The ratio of the actual coverage area to the total area at the outlet of sprays with initial 
droplet velocities of  20, 40, 60 and 80 m/s are 0.42, 0.48, 0.54 and 0.61, respectively. Higher spray 
coverage allow droplets to flow in a drier air condition which enhance evaporation as the mean 
difference between droplet temperature and air temperature is increased. 
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Figure 7 Spray at the outlet section for (a) datum case (Vd=40 m/s) and test case (15) with (Vd=80 m/s) coloured by their 
diameter 
3.3 Effect of spray cone angle 
The effect of different initial spray cone angle was investigated (cases 1, 16, 17 in Table.2). Spray 
cone angle has minor influence on spray cooling efficiency. Fig.8 shows the predicted air 
temperature, water mass evaporated and spray cooling efficiency at different cross sections along 
the duct for different spray cone angles (50˚, 80˚, 110 ˚). It was found that there is no relation 
between the variations of the spray cone angle and spray cooling efficiency and evaporation rate for 
sprays with DV90 of 50 µm. All of the tested cases gave almost the same results regardless of the 
angle. The ratio of the actual coverage area to the total area at the outlet of sprays was about 0.48 
for all angles which shows that the angle has no effect on spray dispersion. This is can be explained 
by the fact that smaller droplets have low inertia compared to the airflow. Hence, widening the 
spray cone angle to improve spray dispersion is not effective as the droplets quickly follow the 
airflow. Moreover, there is an interesting observation in regards to variation of spray cone angle. At 
the duct outlet, the spray cooling efficiency of the smallest cone angle is slightly better than the one 
with wider cone angle. This is attributed to a small amount of water hitting the duct ground for the 
spray with wider cone angles.  
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Figure 8 Predicted (a) air temperature (b) water mass evaporated (c) spray cooling efficiency at different cross sections along 
the duct for different spray cone angle (50˚, 80˚, 110 ˚) 
3.4 Effect of droplet size distribution pattern 
Hollow-cone nozzles are found to be the best option for spray cooling systems and are widely used 
in humidifying applications [46]. It has been found by a spray characterisation experiment for 
different hollow-cone high pressure nozzles, that different spray patterns can be observed at the 
breakup length of hollow-cone nozzles with regard to droplet size. CFD simulations often use a 
single injection where the 3D effect of the spray injection into the airflow is not simulated. The 
nozzle representation approach [126] used in this study allows analysing various size distributions 
in one simulation. Three different main droplet size distributions spray patterns were observed in 
the spray characterisation experiments. These patterns and a new pattern with constant mean droplet 
size along the spray plume were investigated. 
The performance of the observed droplet size distribution patterns and the new pattern with constant 
mean droplet size along the spray plume was investigated with regard to spray cooling efficiency 
and evaporation rate for three different droplet size distribution of Dv90= 30, 50, 70 µm. Fig.9 shows 
the predicted spray cooling efficiency at different cross sections along the duct for the different 
droplet size distribution patterns. It can be seen from Fig.9 (a & b) that the effect of droplet size 
distribution pattern is not significant. However, it can be seen that for sprays with small size 
distribution (Dv90≤ 50 µm), the best spray pattern that provide more cooling is the one with mean 
droplet size increasing from the centre towards the spray edge. The second best pattern among the 
tested pattern for small size distribution was that with smallest mean droplet size exist at the middle 
of the spray plume. The ranking of best spray pattern for best cooling efficiency in sprays with 
larger size distribution (Dv90 ≥ 70 µm) is different. Sprays with largest mean droplet size present at 
the middle of the spray plume performed better than the spray with mean droplet size increasing 
from the centre towards the spray edge. The best spray pattern for size distribution (Dv90≤ 50 µm) 
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was the second best for size distributions (Dv90 ≥ 70 µm). It is not understood exactly why smaller 
size distribution sprays give different results than large size distribution sprays. This could be 
attributed to that small droplet have lower initial momentum than larger droplets and decelerate 
faster. This affects the cross airflow with regard to air entrainment, internal circulation and 
momentum transfer which could make transport behaviour of large droplets different from small 
droplets. An alternative explanation is that droplet collision and coalescence may contribute to this 
issue as small droplet size travel in smaller area with higher droplet density. However, for all 
droplet sizes, the worst pattern for spray cooling is the one with constant mean droplet size along 
the spray plume. 
As pointed out previously, for spray cooling systems, complete evaporation of droplets is a very 
important constraint. Previous studies [6, 42] showed that generally droplets of more than 50 µm 
are unlikely to evaporate completely unless very long residence time is provided (long ducts). 
Hence, it can be concluded that the best spray pattern for spray cooling systems is that with mean 
droplet size increases from the centre towards the spray edge. 
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Figure 9 f Predicted spray cooling efficiency at different cross sections along the duct for different spray patterns with Dv90 
(a) 30 µm (b) 50 µm (c) 70 µm   
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3.5 Spray cooling performance of a nozzle with ideal spray characteristics 
An optimised spray injection case has been created based on the best recognized value of each of 
the initial spray characteristics within the tested ranges coupled with the best pattern for small 
droplet size distribution sprays. The resulting configuration is case 18 in Table.2. This optimised 
injection case was compared with the datum case and the best performance injection case from the 
parametric analysis which was the one with the highest droplet initial velocity (case 15 in Table.2).   
Fig.10 shows the predicted air temperature, water mass evaporated and spray cooling efficiency at 
different cross sections along the duct for the datum, best and optimised cases. Comparing the spray 
cooling efficiency of the three cases, we can see that the spray cooling efficiency of the optimised 
and best cases is considerably larger than that of the datum case. Moreover, the optimised case 
gives better spray cooling performance compared to the best case. However, the difference between 
the optimised and best case performances is relatively small. The small variation in the performance 
is owing to that droplet velocity had the strongest effect compared to other parameters as can be 
seen when compared to the datum case. The benefit of decreasing droplet size distribution to 
increase the contact surface area between airflow and droplets was absent due to the relative high 
local concentration of droplets as the spray dispersion was limited due the small droplet size. Since 
the optimised and best cases have the same initial droplet velocity and spray pattern and the 
difference is only in the droplet size distribution and spray cone angle, the difference in spray 
cooling performance was minor. 
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Figure 10 Predicted (a) air temperature (b) water mass evaporated (c) spray cooling efficiency at different cross sections 
along the duct for the datum, best and optimised cases 
3.6 Complete evaporation (case study) 
It can be observed that in a co-current spray injection (air and water moving in the same direction) 
with small droplet size distribution, the spray behaviour and cooling effectiveness is controlled 
mainly by initial droplet velocity. Optimal nozzle characteristics for spray cooling systems has been 
applied based on our study’s conclusion to achieve complete evaporation of droplets injected within 
the available residence time which is the ultimate goal of this study. Ideally, the injected spray 
would be distributed homogenously into the airflow with enough residence time and adequate water 
flow rate to evaporate completely and brings the total airflow to full saturation. The optimal initial 
spray characteristic is established based on several criteria (see Table.3). (1) High initial droplet 
velocity to improve spray dispersion and avoid high local droplets concentration. (2) Use the best 
spray pattern for small droplet size distributions that involves mean droplet size increasing towards 
the spray plume edge. (3) Small droplet size distribution with narrow spreading distribution to 
enhance the heat and mass transfer between the droplets and airflow. (4) Large spray cone angle to 
improve spray dispersion. Additionally, it has been found that with the available model length, the 
residence time when using an air velocity of 2 m/s is short and insufficient for droplets to be fully 
evaporated. Thus, air velocity was decreased to 1 m/s and injection water flow rate was changed in 
accordance. Air properties are kept the same as the previous cases (40 ˚C and 15%). 
    Table 3 List of of the test conditions of the complete evaporation case study 
 
Droplet size Pattern Vd 
Circle-1 Circle-2 Circle-3 
Dv90 Dm q Angle Dv90 Dm q Angle Dv90 Dm q Angle 
Increases towards edge 
60 - 
160 
12 10 6 66 16 14 6 88 20 17 6 110 
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Fig.11 shows the predicted air temperature, water mass evaporated and spray cooling efficiency at 
different cross sections along the duct for the chosen optimal spray characteristics at different initial 
droplet velocities (60, 80, 100, 120, 140 and 160 m/s). Similar to the simulations with air velocity 
of 2 m/s, it can be seen from Fig.11 that higher spray cooling efficiency and water mass evaporated 
are obtained for higher injection velocities. Fig.11 also indicates that at the available distance of 5 m 
downstream the nozzle, a spray with Dv90=20 µm and initial droplet velocity of 120 m/s would 
evaporate completely. 97% of the water fraction evaporated at a distance of 4 m and only 3% of the 
water fraction evaporated after 4 m. When the air temperature is low and relative humidity is high, 
the heat and mass transfer exchange rates decreases as evaporation rate is largely dependent on the 
surrounding air temperature and water vapor content. Thus, it can be noticed that the evaporation 
rate decreases gradually as surrounding air gets cooler and asymptote to zero, as the surrounding air 
becomes saturated. Due to the decrease in evaporation rate, the difference in spray cooling 
efficiency between sprays with lower injection velocities along the flow field far from the nozzle is 
not clear and insignificant. For example, at the outlet section, the water mass evaporated for the 
spray with droplet velocity of 100 m/s was very close to the spray with droplet velocity of 120 m/s. 
Furthermore, it can be seen that increasing the droplet velocity to 140 or 160 m/s don’t provide 
considerable benefit to the spray cooling efficiency or the required length for complete droplet 
evaporation. Evaporation rate is enhanced close to the nozzle only. 
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Figure 11 Predicted (a) air temperature (b) water mass evaporated (c) spray cooling efficiency at different cross sections 
along the duct for different droplet velocity (60, 80, 100, 120, 140 and 160 m/s), Dv90=20 µm and Va= 1m/s 
4 Conclusion 
In this study, an evaporating water spray flow was simulated using a validated Eulerian-Lagrangian 
3-D model with a novel nozzle representation method for hollow-cone nozzles. A parametric 
analysis on the effect of different spray characteristics parameters on a spray cooling system 
performance has been conducted. Different droplet size distribution, injection velocities, spray cone 
angles, and hollow-cone droplet size distribution patterns were investigated. The results assist spray 
cooling system engineers in designing and selecting effective nozzle design. Such effective nozzle 
can enhance spray cooling systems performance and make complete evaporation of droplets likely 
to take place in a short distance. Comparison of the optimised nozzle to the datum nozzle has shown 
around 15% improvement in the spray cooling efficiency. The main conclusions from this study 
are: 
(1) The results indicate that for sprays with small mean diameters, initial droplet velocity is a major 
factor for better spray cooling performance. Droplet velocity impact is indirect and is related to 
spray dispersion. Droplets with higher initial velocity have larger momentum and dispersed more 
into the airflow increasing the spray coverage area. This results in higher heat and mass transfer 
rates due to the exposure to drier air as high local droplet concentration is avoided. In general, any 
parameters value that could provide more spray dispersion is a good option for enhancing spray 
cooling performance. 
 (2) Better cooling performance as mean droplet size reduces was observed. However, in the range 
of droplet size distribution studied, the impact of reducing mean droplet size on spray cooling 
performance was small as increased contact surface area offered by decreasing droplet size was 
balanced by the spray dispersion effect. Therefore, it is not always beneficial to decrease droplet 
size to enhance evaporation due to spray dispersion effect. 
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(3) Simulating with different droplet size distribution spray patterns obtained in our experiment 
study showed that:  
3a. Sprays with Dv90≤ 50 um showed that the spray with mean droplet size increasing from the 
centre towards the spray edge attained the best cooling performance. 
3b. Sprays with Dv90 ≥ 70 um showed that the one with largest mean droplet size present at the 
middle of the spray was the most effective pattern. 
(4) The simulations showed, that complete evaporation of the injected droplets within 5 m 
distance, which is desirable for spray cooling was achieved for airflow with a velocity of 1 m/s and 
a droplet velocity of 120 m/s. This can be achieved using optimum initial spray characteristics 
proposed by the parametric analysis including a combination of small droplet size, high droplet 
velocity, large cone angle and a droplet size pattern of mean droplet size increases from the centre 
towards the spray periphery. 
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7.4 Summary 
In this chapter, the developed CFD model employing the validated nozzle representation method for 
hollow cone nozzles has been used to clarify the impact of spray characteristics on nozzle 
performance in order to obtain design criterion for an effective nozzle to improve spray cooling 
systems performance. Single spray injection simulation conducted in chapter 4 provides useful 
information about the interaction between the inlet airflow and the injection but lack the statistics 
that allow relating the impact directly to the nozzle performance. However, using the new nozzle 
representation approach, spray cooling performance can be related directly to the spray 
characteristics at the breakup length which can be measured experimentally. Therefore, nozzles can 
be customised by nozzle designers to match optimum spray characteristics in order to deliver better 
spray cooling efficiency. This study outcome produces a detailed reference for nozzle designers that 
can help prototyping and designing future effective spray nozzles for spray cooling systems.  Such 
effective nozzle can enhance spray cooling systems performance and make complete evaporation of 
droplets likely to take place.  
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Chapter 8 Conclusion and future work 
8.1 Conclusion 
Overview: 
Natural Draft Cooling Towers (NDDCTs) are becoming the preferred choice for many power plants 
despite their higher capital costs and the reduced performance at high ambient air temperatures. In 
this research, pre-cooling of inlet air with water spray was proposed for the performance 
enhancement of natural draft dry cooling towers during high ambient temperature periods with low 
water consumption. Detailed numerical and experimental investigations of the spray cooling 
performance in natural draft dry cooling towers operating conditions were conducted with the aim 
to optimise spray cooling systems for inlet air pre-cooling in natural draft dry cooling towers. In the 
present study, the spray cooling process was reviewed analytically, simulated numerically and 
investigated experimentally.  
Numerical simulation: 
In this study, an Eulerian-Lagrangian 3-D numerical model was developed first to simulate the 
evaporating water spray in an airflow approximating the inlet airflow environment in a Natural 
Draft Cooling Tower (chapter 4). The spray was simulated over a numerical domain representing 
the wind tunnel available for validation. The developed CFD model was used to investigate the 
droplet transport and evaporation, and spray cooling efficiency at various inlet air conditions and 
spray characteristics. Two approaches on spray injection were considered in this research. In the 
first approach, droplets with a virtual single size distribution were investigated (section 4.10). 
Although this approach does not represent a real nozzle (i.e. 3D formation of the spray plume and 
radial evolution of droplet size distribution), it provides useful information on the effect of spray 
and airflow key parameters on spray cooling systems performance. The results from this simulation 
approach showed that in the range of droplet sizes (20, 35, 50 µm) and inlet air velocities studied (1, 
2, 3 m/s) under a hot and dry ambient condition, a significant cooling performance can be achieved 
over a 10 m distance. In the droplet saturated region, an average temperature reduction of 8.1˚C was 
achieved. The results showed that air velocity is an essential parameter and played a significant role 
in droplet transport and evaporation. At high air speeds, large droplets performed as good as small 
droplets. While at low air speeds, small droplets performed 25% better than large droplets. This was 
due to the compromise between the momentum exchange and evaporation rate. A trade-off 
relationship was observed between droplet size, air velocity and resulting plum dispersion. This 
must be considered when identifying optimum spray characteristics for performance enhancement 
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and complete evaporation. Interestingly, although droplet sizes in this simulation were very small, 
there was no complete evaporation in any case. The maximum evaporation was about 81% for a 
spray with droplet size of 20 µm and air velocity of 1 m/s. The investigation showed that an 
effective spray cooling system needs a carefully designed nozzle arrangement to ensure effective 
cooling and avoid local droplet concentration. Non-uniform temperature distribution existed and the 
air was cooled mostly in the lower half-region due to gravity effect.  
The second spray injection approach used real (experimentally measured) initial spray 
characteristics (chapter 6). This approach simulated the spray cooling performance produced by real 
nozzles in order to relate the cooling performance to nozzle design optimisation. 
Experimental investigation: 
Experimental investigations in a wind tunnel test rig with the same geometry and flow conditions as 
the simulations were carried out to obtain the real initial spray characteristics and to provide 
experimental data for the validation of the CFD model (section 5.7). In addition, experimental tests 
were performed to investigate droplet transport and evaporation, and spray cooling efficiency 
experimentally. In the experiment, nine promising high pressure, hollow cone nozzles for inlet air 
pre-cooling were tested. The experiments have provided the validation for the CFD modelling 
approach. They have also provided an understanding of the effect of droplet size and air velocity on 
droplets behaviour and air cooling effectiveness. The experimental results confirmed the numerical 
observations of the spray dispersion being a major factor affecting spray cooling systems 
performance. Droplet size is a significant factor affecting spray dispersion. Lower-than-expected 
cooling efficiencies were observed while the tested droplet sizes were small (50 µm < Dv90 < 220 
µm). This was attributed to cooling being restricted to a small coverage area within the test section 
which needs to be avoided in practice. An interesting observation was that for large droplet sizes 
(Dv90 > 200 µm), the cooling efficiency for 3 m/s air velocity was similar or better than those of 2 
m/s, despite the 2 m/s case having longer residence times. This was due to the spray dispersion 
effect. Thus, a modified spray cooling efficiency was introduced to distinguish the effect of spray 
dispersion. For the tested conditions, a linear relationship was identified between droplet size and 
cooling efficiency when using the modified cooling efficiency. The effect of spray angle on spray 
cooling efficiency was found to be small compared to the effect of droplet size and air velocity 
within the range of nozzles tested.  
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New nozzle representation approach: 
To maximise the accuracy of CFD simulations, special focus was given in this study to the nozzle 
representation into the simulation. A new technique for initialization of hollow-cone spray 
characteristics into Eulerian-Lagrangian models using experimentally measured initial spray 
characteristics was developed using the Rosin Rammler distribution function (chapter 6). This 
method takes into account radial evolution of droplet size distribution and air/droplets momentum 
exchange at the primary atomization region without unduly increasing the complexity of the 
numerical model.  
Using the CFD model with the new nozzle representation method, comparisons were made between 
the experimental measurements and the CFD predictions of the streamwise development of droplet 
size and velocity, and air cooling. Three cases covering various inlet air conditions and spray 
characteristics were selected for comparison and evaluation of the CFD model. The droplet 
evaporation and transport, and air cooling were validated by comparing droplet axial velocity, 
Sauter mean diameter, outlet air dry bulb temperature of the CFD predictions with the experimental 
measurements. Overall, good agreement was obtained between CFD predictions and experimental 
measurements yielding an average deviation below 5.3% for all compared parameters. The 
validated CFD model provided new insight into the physical effects that influence droplet transport 
and evaporation, that are difficult to be captured by experiments (section 6.7). Local increase of 
droplet axial velocity in the spray far field due to air acceleration caused by spray injection was 
identified.  
Parametric nozzle design study: 
To assist spray cooling system engineers in designing and selecting effective nozzles for a given 
application, the developed and validated CFD model with the nozzle representation method was 
used to conduct a parametric analysis on the effect of different spray parameters on spray cooling 
performance. The aim is to select an ideal nozzle design to enhance spray cooling system 
performance and to make complete evaporation of droplets likely to take place in a short residence 
time period. The parametric design identified nozzle characteristics that resulted in a 15% 
improvement in cooling performance. It was found by the CFD simulation that droplet velocity is a 
major factor for better spray cooling performance. Droplet velocity impact is indirect and is related 
to spray dispersion. Droplets with higher initial velocity have larger momentum and dispersed more 
into the airflow increasing the spray coverage area. This results in higher heat and mass transfer 
rates due to the exposure to drier air as high local droplet concentration is avoided. Furthermore, in 
the range of droplet size distribution tested (Dv90 =30, 50, 70 µm), the impact of increasing contact 
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surface area between the airflow and droplets on spray cooling performance offered by decreasing 
droplet size was balanced by the spray dispersion effect. Previous studies in the literature related to 
spray cooling considered only droplet size distribution in the context of achieving complete 
evaporation of the spray. Using the CFD model, spray characteristics required to achieve complete 
evaporation were identified at low air velocity (1 m/s). The simulations showed that droplets fully 
evaporated within 5 m distance for airflow with a velocity of 1 m/s and a droplet velocity of 120 
m/s. This was achieved using optimum initial spray characteristics obtained from parametric 
analysis (small droplet size, high droplet velocity, large cone angle and droplet mean diameter 
increasing from the centre towards the spray periphery) (section 7.3.5). 
Summary 
The main findings of this research are: 
(1) The study has demonstrated the potential of utilizing spray cooling systems in natural draft dry 
cooling towers. A significant cooling performance can be achieved while consuming only a small 
amount of water compared to wet cooling towers. Pre-cooling of inlet air has achieved up to 8.1˚C 
of dry bulb temperature reduction for small droplet size distributions.  
(2) The study has found that the spray process is compound and many parameters are involved in 
the process including: inlet air (velocity, temperature and relative humidity) and spray (droplet size, 
velocity, flow rate, cone angle and configuration). Strong links were identified between droplet size, 
droplet velocity, air velocity, droplet evaporation and transport. The spray-air interdependence 
obtained in this study can be used to maximise spray cooling system performance. 
(3) The results indicated that spray dispersion is a major factor for the evaluation of a spray cooling 
system in NDDCTs. A trade-off relationship was observed between droplet size, droplet velocity, 
air velocity and the resulting spray dispersion. It was found that it is not always beneficial to 
decrease droplet size to enhance evaporation. For constant values of droplet velocity and air 
velocity, the impact of increasing contact surface area between the airflow and droplets on spray 
cooling performance offered by decreasing droplet size was balanced by the spray dispersion effect. 
Increasing the initial droplet velocity led to better cooling performance due to spray dispersion 
effect. Higher droplet velocity increases the spray coverage area which results in higher heat and 
mass transfer rates due to more water exposure to drier air.  
(4) A modified cooling efficiency was introduced to separate the spray dispersion influence from the 
cooling efficiency. Using this modified cooling efficiency, it was confirmed that reduction of drop 
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size distribution and air velocity is directly linked to spray cooling efficiency. For the tested 
conditions, a linear relationship was identified between droplet size and the modified cooling 
efficiency. The impact of spray angle on spray cooling efficiency is insignificant within the range of 
nozzles tested. 
(5) Optimum spray characteristics for sprays with small droplet size distribution (Dv90 ≤ 50 µm) 
were identified using a parametric design. A spray nozzle with high injection velocity, small droplet 
size distribution, large cone angle and a droplet size pattern with mean droplet size increasing 
towards the spray periphery was found to be the best for sprays with Dv90 ≤ 50 µm. 15%  
improvement  in cooling performance was achieved by using optimum spray characteristics. Spray 
characteristics required to attain full evaporation at low air velocity was defined by the parametric 
design. 
The main contributions of this research are:  
(1) Proposing the use of spray cooling systems for pre-cooling of inlet air in NDDCTs to enhance 
cooling tower performance during high ambient temperature periods. Numerical and experimental 
evaluations of spray cooling system performance at typical NDDCT operating conditions to 
facilitate the transformation of the technology to full scale implementation. 
(2) Development of a realistic hollow-cone nozzle model that can be incorporated into Eulerian-
Lagrangian numerical simulations using real initial spray characteristics. The new nozzle 
representation method is adaptable and allows reproducing the real nozzle behavior using 
experimentally measured initial spray characteristics and taking into account radial evolution of 
droplet size distribution and air/droplets momentum exchange at the primary atomization region. 
(3) Development and validation of a 3-D numerical model using the new hollow-cone spray 
initiation technique. A good predictive design tool for investigating spray cooling systems 
performance at an airflow approximating the inlet airflow environment in a NDDCT is presented. 
(4) Identification of the complex interaction between the inlet airflow and the spray injection under 
typical NDDCT operating conditions using numerical modeling and experimental studies. 
Identification of spray characteristics required to attain full saturation. 
(5) Suggestion of effective nozzle design from parametric nozzle design analysis to maximise spray 
system performance. New insights for cooling tower designers considering future implantation of 
inlet air pre-cooling in NDDCTs with the aim of achieving complete evaporation of spray. 
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(6) Establishment of valuable experimental database for spray models validation in large scale 
testings. 
Overall, the present work of inlet air pre-cooling by spray provides a promising opportunity for 
enhancing NDDCTs performance during high ambient temperature periods. This performance 
enhancement will yield increased revenue for the dry cooled plant owners while avoiding large 
water consumption and environmental influence issues associated with wet cooling towers or some 
evaporative cooling methods. 
8.2 Future work 
The present study covered the most important and fundamental aspects of inlet air pre-cooling by 
water spray in NDDCTs. However, there is a need for more research on this application and also 
based on the findings of this study. Moreover, the present study involved some limitations which 
can be addressed in future for further improvements. Several further studies are recommended in 
both CFD and experimental approaches for more understanding and development of spray cooling 
process in NDDCTs. 
(1) The scope of this research was restricted to a single isolated nozzle injected in a horizontal 
airflow approximating the inlet airflow in NDDCTs. This outcome serves as a basis for the 
transformation of the technology to full scale application. While our results give useful information 
on the relationship between spray and air in the spray cooling process, to be more realistic, a 
modification to the CFD geometry of the pre-cooling area to represent real cooling tower inlet 
geometry would provide more significant data and be more beneficial. The modification involves 
also using a real inlet airflow boundary layer rather than the used uniform inlet airflow to improve 
the model. Nevertheless, this will require field test for validation which was not available at the 
time where the present research was conducted. The Queensland Geothermal Energy Centre of 
Excellence (QGECE) is building a small NDDCT which will be used in future studies in order to 
provide validation data for a CFD model currently being developed by QGECE.  
(2) Another aspect of implementing spray cooling systems for inlet air cooling is considering the 
multi nozzle interaction. For the scope of this thesis, one isolated single injection was considered. 
However, an investigation of spray cooling process with multi nozzles should be conducted. This 
will help identifying the effect of the nozzles on each other and consequently on the spray cooling 
process. Previous studies indicated the importance of the influence of adjacent nozzles on the 
systems performance. In addition, nozzle arrangement is an issue that need to be investigated so that 
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spray cooling system can be implemented into NDDCTs. It is important to obtain uniform cooling 
and avoid oversaturated or dry regions. 
(3) The present work investigated the spray performance in a co-flow injection where water spray 
and airflow moving in the same direction. A small scale study in the literature related to air 
conditioning reported that counter-flow injection improves the spray dispersion [43]. Since the 
present study confirmed that spray dispersion is a major factor affecting spray cooling performance, 
it is useful to compare the two injection configuration along with other injection configurations 
(injections with an angle) and compare their performance to identify the best injection configuration 
for NDDCTs performance enhancement. 
(4) CFD modeling with spray flow is a challenging issue with regard to spray initialization into the 
Lagrangian modeling approaches. Although, a new adaptable method was developed and gave 
reasonable agreement with experiments, more validation tests are required with wider range of 
conditions to check the generality of the new method.  
(5) The droplet collision and coalescence were neglected in the simulation as the spray flow was 
considered to be dilute. The inclusion of droplet collision and coalescence could improve the model 
prediction. Furthermore, currently the water spray is incorporated into the CFD model as already 
atomized spray (droplets) and no further breakup occurs. The model can be extended in the future to 
include secondary breakup using empirical breakup models available in the literature. Secondary 
breakup might occur especially at high relative velocity where the droplet Reynold number is large. 
As shown previously, there were some deviations from the experimental results which could be 
related to these events. Hence, improved model might be obtained with less deviation by 
investigating these issues and addressing their effects onto the CFD predictions. 
(6) The developed model did not consider the walls effect on the spray behaviour as most of the 
spray was airborne by the air to the outlet section of the CFD geometry within the tested range of 
this study. As an improvement to the model accuracy, different spray wall conditions could be 
included to improve the CFD model applicability. 
(7) In order to assess the feasibility of such cooling system and whether the parasitical power 
consumption using high pressure spray nozzles is practical, a full mathematical model combining 
the cooling benefit to the tower performance combined with a cost-benefit analysis is required 
under different combinations of heat rejection capacities and meteorological conditions. This will 
help also identifying the optimum design point of the spray cooling system. In addition, as this inlet 
air pre-cooling system is proposed to be used during high ambient temperature periods, 
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investigation on their effect when they are not in use in the cooling tower performance is important. 
One issue also emerges from inlet air cooling in NDDCTs and need to be considered is that cooling 
the inlet air will increase the air density and subsequently lower the airflow rate as air in NDDCTs 
is moved by air buoyancy which will affect the tower performance adversely.  
(8) The present work has demonstrated a strong relationship between droplet size, droplet velocity 
and air velocity with regard to spray dispersion. More investigation should be done in a wider range 
of conditions to conduct a non-dimensional study to combine the independent parameters in order to 
obtain the optimum spray characteristics for enhancing spray cooling systems performances and 
also to generalise the results to be useful for other configurations and geometries. Moreover, more 
investigation should be done in a wider range of conditions in order to develop a correlation that 
can assess in the determination of the spray coverage area empirically. This will help calculating the 
required injection flow rate based on the coverage area. In this study, the average coverage area of 
the different operating conditions tested was used to obtain the required injection flow rate. 
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